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Abstract
Pyrolysis and activation were used in this thesis to produce biochar and activated carbon
from industrial digestate and hydrochar materials. In the first part of thesis, digestate
derived biochars were obtained by varying the pyrolysis heating rate (10, 80, 100, 200,
>1000 °C·min-1) and temperature (300 to 600 °C) to modify their soil-related
characteristics (i.e., nutrient leachability, carbon stability, and heavy metal adsorptive
capacity). The biochar produced at a temperature of 500 °C and heating rate of 10 °C·min1

was also activated under using CO2 at 800 °C with different holding times (0.5-2 h).

Results indicated a dominant effect of the pyrolysis temperature when compared to the
heating rate on the biochar properties: when the temperature was increased, leachability
dropped, and carbon stability increased. The desired biochar characteristics were also
improved following activation, though increasing the activation holding time negatively
impacted these improvements. In the second part of the thesis, activated carbons were
produced from hydrochar through pyrolysis, physical activation, and a HNO3 posttreatment. The carbons were optimized based on the removal of methylene blue and phenol,
model compounds of organic contaminants from water, by varying the activation gases
(N2, CO2, and steam), temperatures (400 to 900 °C) and holding times (1, 2, or 3 hours).
Results indicated that (i) a temperature of 800 °C and a 2-hour holding time provided
carbons with the best methylene blue and phenol adsorption capacities, (ii) among the
activation gases used, steam provided an activated hydrochar with higher surface area and
a broader pore size distribution, resulting in the best adsorption performance, (iii) the HNO3
post-treatment of the best performing activated carbons improved methylene blue
adsorption, yet had a negative effect on phenol adsorption.

Keywords
Digestate, biochar, activated carbon, hydrochar, activation, pyrolysis, soil amendment,
adsorption
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Summary for Lay Audience
Anaerobic digestion (AD) and hydrothermal carbonization (HTC) are two conversion
methods for processing of high moisture content (>70%) biomass and waste materials. The
conversion of such materials using pyrolysis, which is thermal decomposition of biomass
in oxygen-free environment to produce bio-oil and biochar, or gasification, which is partial
oxidation of biomass to produce syngas, will need extensive drying (moisture less than
10%) and will not be cost efficient. Besides energy, AD and HTC produce solid residues
that with proper liquid-solid separation can provide a suitable feedstock for pyrolysis and
gasification. Therefore, appropriate integration of these technologies will be both
economically and environmentally beneficial.
The main focus of this thesis is to produce added-value products (i.e. biochar and activated
carbon) from residues of biogas and hydrothermal process through pyrolysis and
activation. In chapter 3, the digestate derived biochar and activated carbon are evaluated
for their potential as soil amendment to provide nutrient, sequester carbon, and adsorb
contaminant. This chapter will provide an insight into the effect of temperature and heating
rate on desired characteristics. In chapter 4, The hydrochar derived biochar and activated
carbon are evaluated for their potential as adsorbent in wastewater treatment, as requested
by our partner company. This chapter will provide an insight into the effect of the gaseous
atmosphere (N2, CO2, or steam), temperature, and holding time on adsorption capacities of
Phenol and Methylene blue (model contaminants). In chapter 5, best performed hydrochar
derived adsorbent are chemically modified by nitric acid and their new adsorptive
capacities towards phenol and methylene blue is evaluated. This chapter will provide
insight on the possible adsorption mechanism.
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1

Introduction
1.1

Motivation

A biorefinery aims to sustainably convert biomass and waste feedstocks through the
integration of physical, chemical, biochemical and thermochemical processes, into
multiple value-added products (Ng et al., 2014). The integrated co-processing of different
waste streams in a biorefinery has shown potential for improved process economics and
also as a technological solution towards a circular economy (Satchatippavarn et al., 2016).
Anaerobic digestion (AD) is based on anaerobic microbial decomposition of organic
material, generally for the production of methane-rich biogas (Makdi et al., 2012). AD is
currently used by municipalities to manage organics waste such as food waste, animal
waste, and sewage sludge. AD does not require sterilization, is highly adaptive, can use
mixed substrates thanks to microbial diversity, and can operate as a continuous process
(Coma et al., 2017).
In a biorefinery concept, the integration of pyrolysis and AD could improve energy and
nutrient recovery from organic waste materials (Monlau et al., 2016a). Since anaerobic
digestion requires no energy and material expenditure for thermal drying, it is often a first
choice when designing a conversion process for high moisture content organic waste
(Coma et al., 2017). The solid residue by-product (digestate) from this process can then be
further processed via pyrolysis. Integrated AD-pyrolysis (ADP) is thus promising both
environmentally and economically due to its high conversion rate of waste to energy and
its production of value-added products (i.e., biochar and bio-oil) (Monlau et al., 2016a).
Depending on the digestate composition and mineral content, the produced biochar can be
further treated to activated carbon, a highly porous carbonaceous material with a higher
market value than biochar.
Suitable conversion technologies for wet biomass, such as anaerobic digestion (AD) and
fermentation, are not efficient to convert feedstocks with high lignin content, low organic
matter, and/or mixed plastics (Coma et al., 2017). Hydrothermal carbonization (HTC) and
liquefaction (HTL) offer an opportunity for simultaneous processing of heterogeneous
organic materials. In these technologies, biomass is processed wet between 180-350 °C
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and 300–375 °C, respectively, and under elevated pressures for HTC and HTL respectively
(P. Saha et al., 2019). HTL results in three product phases, including a bio-oil (30-60%)
that can be processed into fuels and chemicals, CO2 (10-30%), and a carbon-rich solid
referred as hydrochar (5-20%). For HTC, the yields are 5-20% bio-oil, 2-5% CO2, 50-80%
hydrochar. (Ok et al., 2018). Hydrothermal technologies are not as mature as AD due to
commercialization difficulties with the reaction process (Heidari, 2020). Integrating
hydrothermal processes, especially hydrothermal carbonization due to high hydrochar
yield, with pyrolysis has recently been explored by researchers (Shuqing Guo et al., 2017;
Magdziarz et al., 2020; Quan et al., 2018; N. Saha et al., 2019a; Zhu et al., 2015a). Since
hydrochar has characteristics similar to biochar, it can also be directly activated to produce
activated carbon (Fang et al., 2018a).
The two main products of pyrolysis are bio-oil and biochar. Bio-oil is a complex mixture
of organic compounds and can be used as a source of energy and valuable chemicals
following upgrading (Pattiya, 2018). Major factors driving the bio-oil market are increasing
demand for generating clean heat, power and fuel (Bridgwater, 2012). Although bio-oil is
the main product for current biorefineries (Meier, 2019),a higher incentive for biochar is
expected, conversion of only 1 per cent of annual biomass into biochar would mitigate
roughly 10 per cent of anthropogenic carbon emissions (Lehmann & Stephen, 2015). . This
is mostly due to increasing demand for growing high-quality crops for organic food and
the possibility of carbon credit incentives from governments by means of biochar
production (Lehmann & Stephen, 2015).

1.2

Problem statement and thesis objectives

The biochar/activated carbon yield, physical and chemical properties depend on the
operating conditions during thermal treatment as well as the composition of the feedstock
biomass (Enders et al., 2012). Important process parameters that influence the physicochemical properties of biochar/activated carbon produced from a given biomass feedstock
include the heating rate, the highest treatment temperature, the reaction gases, pressure,
and the holding time. The reaction vessel design, flow rate of reaction gas, and the posttreatment (crushing, sieving, chemical modification, etc.) are other parameters that
influence biochar/activated carbon characteristics (Lehmann, 2012). Biochars and
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activated carbons derived from existing AD and HTC processes can therefore be designed
based on the characteristics that are desired for their intended applications.

1.3

Knowledge gap and objectives

The current studies on the effect of heating rate on biochar production for soil amendment,
not limited to digestate, focus on the two extremes of either slow or fast heating rates.
However, the effects of heating rate on the biochar characteristics for soil applications at
high heating rates have not been fully researched. Therefore, it is important to investigate
the effect of a range of heating rates on the biochar characteristics as soil amendment. Since
heating rate control is often a challenge in industries, especially when auger reactors are
used for fast pyrolysis, the information will help to determine to what extent is the biochar
sensitive to the change in the heating rate.
In case of hydrochar valorization, most research has been conducted on either direct use of
hydrochar as fuel or adsorbents (Fang et al., 2018a; Qureshi et al., 2020; Z. Zhang et al.,
2019). Previous hydrochar pyrolysis studies have focused on fuel production (L. Dai et al.,
2017; Shuqing Guo et al., 2017; Magdziarz et al., 2020; Quan et al., 2018; P. Saha et al.,
2019; Xiaojuan Zhang et al., 2019) and the few studies that have tested pyrolytic hydrochar
as adsorbent for wastewater treatment (Zhu et al., 2015a).While many studies have
investigated the chemical activation of hydrochar to produce activated carbon (Bernardo
et al., 2020; Kang et al., 2018; Kundu et al., 2018; Rodríguez Correa et al., 2018; Rodriguez
Correa, Otto, et al., 2017; Silvia Román et al., 2018; Yajun Wang et al., 2019), very few
studies have investigated the use of physical activation agents such as steam (Fernandez et
al., 2015; Hao et al., 2013; June, 2016).

1.3.1 Objective 1: biochar as a soil amendment
The first objective of this thesis is to improve the potential digestates obtained from AD as
a soil amendment by means of pyrolysis or activation. Since digestate is a nutrient-rich
material, the biochar produced can thus be a source of nutrients upon soil application.
Biochar is also a recalcitrant product which can retain carbon and improve carbon
sequestration upon application to the soil. Biochar is also a porous material which can
adsorb heavy metals from water. It was hypothesized that pyrolysis or activation could
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improve nutrient recovery, carbon stability, and the adsorptive capacity of the original
digestate material, specifically by varying the pyrolysis temperature and heating rates. The
specific objectives of this study are as follows:
•

Produce biochar at different temperatures (300, 400, 500, and 600 °C) and heating
rates (10, 80, 100, 200, and >1000 °C·min-1).

•

Activate biochars produced at 500 °C and 10 °C·min-1 with CO2 for 0.5, 1, and 2
hours.

•

Characterize the products based on the yield and fixed carbon content.

•

Study nutrient leaching (Ca, K, Mg, and P) through water using a Soxhlet extractor.

•

Conduct batch adsorption using copper as a typical heavy metal.

1.3.2 Objective 2: hydrochar activation for waste-water
application
The second objective of this thesis is to improve the characteristics of an industrially
obtained hydrochar for the removal contaminants from water. Pyrolysis and physical
activation of hydrochar with N2, CO2, or steam can improve the ability of hydrochar to
adsorb methylene blue and phenol by increasing surface area and pore volume. Hydrochar
derived products also can be optimized by varying process temperature and holding time.
It is hypothesized that pyrolysis, physical activation, and chemical modification will
greatly improve the physicochemical properties of hydrochar as an adsorbent for wastewater applications. Pyrolysis using N2 and activation using CO2 and steam under different
temperatures and holding times will be studied based on batch adsorption experiments to
optimize the adsorption of methylene blue and phenol from water. The specific objectives
of this study are as follows:
•

Pyrolyze hydrochar with N2, or activate the hydrochar with CO2 or steam at
different combinations of holding times (1 and 2 h) and temperatures ranging from
400 to 900 °C.

•

Conduct batch adsorption experiments to determine the adsorption capabilities for
methylene blue and phenol from water, thus identifying the optimal activation
conditions.

5

•

Characterize the best performing adsorbents based on their surface area, pore
volume, and CHNO content.

1.3.3 Objective 3: activated hydrochar post-treatment with HNO3
Chemical post-treatment with nitric acid (HNO3) of the best performing activated
hydrochars was hypothesized to improve the ability of activated hydrochars to adsorb
contaminants due to an increase in surface functional groups and surface area. The best
performing hydrochar derived adsorbents, produced via N2, CO2, or steam thermal
treatment, will be treated with HNO3. Batch adsorption experiments will then be used to
determine whether the HNO3 post-treatment improves their ability to adsorb methylene
blue and phenol from water. The specific objectives of this study are as follows:
•

Modify the best performing hydrochars derived adsorbents obtained under the N2,
CO2, and steam using a nitric acid post-treatment.

•

Characterize the post-treatment adsorbents based on their surface area, pore
volume, CHNO content, and surface functionality based on Boehm titration and the
pH value at the point of zero charge.

•

Conduct batch adsorption experiments to determine the adsorption capacities of the
post-treated adsorbents to remove methylene blue and phenol from water.
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2

Literature review

The aim of this literature review is to provide insight on the feedstocks, conversion
techniques and applications further used in this dissertation.

2.1

Digestate

Anaerobic digesters, sometimes referred as biogas plants, produce a slurry residue known
as digestate in addition to the biogas production. Whole digestate consists of a 90-95%
liquid fraction, with the rest as a solid material. Both solid and liquid fractions are rich in
nutrient and organic matter (Sheets et al., 2015). The physicochemical characteristics of
digestate can vary depending on the type and composition of the digested substrates and
the operating parameters of the biogas plant. The feedstock used in anaerobic biogas
production is made primarily of organic matter, including food waste, organic fraction of
municipal solid waste (OFMSW), livestock manure, and agricultural waste. Since
anaerobic digestion is known to destroy a high degree of pathogens, wastes from
pharmaceutical industries, slaughter houses, and sewage sludge can also be processed to
produce biogas and digestate (Makdi et al., 2012).
Due to bulkiness, transportation, and storage limitation, whole digestate is often separated
into the liquid fraction and the solid residue before utilization (Monlau et al., 2015). Figure
2.1 shows the main applications of both fractions. However, this thesis focuses on the
application and valorization of the solid digestate (hereafter referred as digestate). For more
information on liquid digestate utilization, readers can refer to other studies (Al Seadi et
al., 2013; Crolla et al., 2013; Haraldsen et al., 2011; A. Jiang et al., 2014; Jimenez et al.,
2020; Makdi et al., 2012; Sheets et al., 2015; C. M. Zhang et al., 2010).
Digestate is often applied to soil as a substitute for the chemical fertilizers, without prior
altercation. Many reports point to the beneficial effect of digestion on productivity of soil
and plant (Al Seadi et al., 2013; Insam et al., 2015; Monlau et al., 2015; Wis̈niewski et al.,
2015); however, as the number of biogas plants, especially those with power capacity over
500 kW, grows, the need for proper storage and utilization of digestate also increases. For
instance, excessive application of digestate to soil can cause eutrophication, nutrient runoffs, and greenhouse gas emission, which are strictly monitored by environmental
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regulations. It is thus important to find proper treatment method for digestate to in order to
manage the its high volume and nutrient content.
.

Biogas

•
•

Electricity
Energy

Manure
Food waste
Biosolids

Anaerobic
digestion

Liquid
Fraction
90-95 wt%

•

Algae growth 1

•

Bio-ethanol 2

•

Ammonia stripping 3

•

Composting

•

Solid fuel

•

Animal bedding material
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Agricultural waste

Solid
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~10 wt%

Figure 2.1: Digestate liquid fraction and solid residue product applications. Adapted
from (Sheets et al., 2015), 1 (Jimenez et al., 2020), 2 (C. M. Zhang et al., 2010), and 3 (A.
Jiang et al., 2014).

2.2

Hydrochar

Hydrochar is a carbonaceous solid residue produced from hydrothermal carbonization
(HTC) of biomass under temperatures ranging from 180-350 °C in the presence of
water/solvents at elevated pressure (1-5 MPa) for 5 minutes to 6 hours (P. Saha et al.,
2019). Hydrochar can be used in fuel production, soil applications, activated carbon
production and has the potential to provide other environmental benefits (Anyikude,
2016).The economics of HTC depends on finding a high-value market for hydrochar.
Currently activated carbon has the highest value in the market, especially for application
in wastewater treatment (Beroeinc, Market analysis).
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2.3

Biochar production techniques

A variety of different carbonation processes for the development of biochar are
summarized in this section.

2.3.1

Pyrolysis

Pyrolysis is the thermal decomposition of biomass under oxygen-free or oxygen-limited
environments. The products of this process are (Persson, 2019):
•

Condensable vapors, generally referred as bio-oil, mainly consisting of oxygenated
compounds, aromatic hydrocarbons, water, and tar. Bio-oil can be used for direct
energy by combustion or as a precursor for value added chemicals and fuels.

•

Permanent gases such as CH4, CO2, CO, H2, and some light hydrocarbons. These
gases are either used to produce the heat for pyrolysis or are burnt separately to
produce energy.

•

A carbon-rich solid residue, known as biochar, mainly consisting carbon and ash.
Due its physical and chemical characteristics, biochar has several environmental
and industrial applications.

The process of pyrolysis can be classified based on the reaction conditions, where Table
2.1 shows the product distribution of each process type. Each process is briefly described
below:
•

Fast pyrolysis. During fast pyrolysis biomass undergoes a rapid decomposition at
temperatures around 300-1000 °C. In this process, vapors have a short residence
time (fewer than 2 s). Bio-oil is the main product of this form of pyrolysis. For
better faster kinetics and better heat and mas transfer biomass is mostly ground to
a limited size (Iisa et al., 2019).

•

Slow Pyrolysis. During slow pyrolysis biomass is heated at slow heating rates (<50
°C.min-1) at temperatures ranging from 300 to 550 °C for a long period, ranging
from hours to days. Both bio-oil and biochar have the same yield in this process.
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Most biochar studies are the main product of slow pyrolysis as bio-oil from slow
pyrolysis consists of a higher fraction of the watery step (Ronsse et al., 2013; Y.
Yang et al., 2018b).
•

Intermediate Pyrolysis. This type of pyrolysis is usually carried out at 300 to 450
°C with heating rate of 200-300 °C.min-1 and residence time of minutes. Both biooil and biochar are produced, and the bio-oil quality is somewhere between slow
and fast pyrolysis.

Table 2.1: Pyrolysis process conditions. (Ahmad et al., 2014; Bridgwater, 2012;
Brownsort & Mašek, 2009; Homagain et al., 2014)
Process

Temperature

Slow pyrolysis

300-550 °C

< 50 °C.min-1

Intermediate
pyrolysis

300-450 °C

Fast pyrolysis

300-1000 °C

2.3.1.1

Heating rate

Residence
time

Product yield, %
oil

Biochar Gas

Hours to
days

20–50

25–35

20–50

200300 °C.min-1

Minutes

35–50

25–40

20–30

10 to
~1000 °C.s-1

<2s

60–75

10–25

10–30

Pyrolysis reactors

The first reactors to generate biochar were simple ovens that were used with low heating
rates with a long residence time to optimize the solid product (Basu P., 2010). More
recently, the reactor design has changed based on desired liquid, gas, or solid products. The
key feature that distinguishes between pyrolysis reactors is the gas-solid contact time,
dividing the reactors into fixed bed, fluidized bed and entrained beds. The reactors can be
classified as fixed beds (kilns, retorts), rotary drums, auger reactors, fluidized bed reactors,
rotative cone reactor, ablative reactor, and vacuum reactor. Among these reactors, fluidized
bed reactors are well-established technologies, easy to scale up, and have good temperature
control and intensive heat and mass transfer. However, they require high gas flowrate to
fluidized the biomass and the biomass particle is limited to a narrow size to assure good
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heat and mass transfer. To overcome these drawbacks, in a lab-scale setup, the Jiggle bed
reactor (JBR), was first introduced by Latifi et al., 2014 at ICFAR. The JBR is a semi-batch
reactor in which the biomass is fluidized using a vertically oscillating motion. The vertical
motion can be achieved by any linear displacement systems (pneumatic actuators, linear
motors). The reactor has proved to be a reliable tool for operating under fast and slow
heating rates (Colomba, 2015) along with high temperature gasification (Latifi, 2012).

2.3.2

Gasification

Gasification is the thermochemical treatment through which the biomass is mainly
decomposed under a partial-oxidizing atmosphere (limited air, steam, or CO2) at
temperatures higher than 700 °C to produce syngas (comprising of H2, CO, CO2, CH4, and
small quantity hydrocarbons). An efficient gasification process typically has a very low
biochar yield (less than 10 percent). The biochar produced mainly includes inorganic
elements and polycyclic aromatic hydrocarbons (PAHs) which are produced at high
temperatures and are harmful to the environment (Ok et al., 2018).

2.3.3

Hydrothermal carbonization

Hydrothermal carbonization (HTC), also known as wet pyrolysis, is a process in which
biomass is heated in water at a temperature between 180 and 350 °C and pressure of 1-5
MPa (P. Saha et al., 2019). The main product is called hydrochar which has a similar
property to that of lignite or low-rank coal (Fang et al., 2018a).

2.3.4

Biochar properties as soil amendment

The biochar characteristics depend on pyrolysis condition and its original
feedstock (Stefaniuk & Oleszczuk, 2015). Many researches have indicated the effect of
feedstock and pyrolysis conditions (i.e., final temperature, heating rate and residence time)
on biochar elemental (i.e., C, H, N, S, Alkaline and alkali earth metals (AAEM) and heavy
metals) and physiochemical properties (i.e., surface area (SA), pH, electrical conductivity
(EC), cation exchange capacity (CEC), higher heating value (HHV)) (Pituello et al., 2015).
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2.3.4.1

Surface area and porosity

Biochar surface chemistry is highly dependent on the initial feedstock, the pyrolysis
temperature and holding time; however, all biochars are composed of condensed aromatic
ring structures that become larger and even more condensed with increasing pyrolysis
temperatures (Sajjadi et al., 2019). A variety of functional groups are known to exist on the
surface of biochars, such as heteroatomes (hydrogen, oxygen, nitrate, phosphorus and
sulphur), acidic carboxyl groups, and other essential functional groups (chromenes and
pyrenes) (Lehmann & Joseph, 2012). The presence of functional groups on the surface of
biochar depends on the feedstock and process condition. In general, temperatures above
600 °C will decompose functional groups due to heat degradation (Jindo et al., 2014).
Pyrolysis temperature and biomass composition can impact the biochar’s pH. Most
biochars are alkaline, with some exceptions due to the feedstock composition. Biochar pH
increases with an increase in pyrolysis temperature (Ahmad et al., 2014; Tran et al., 2016).
Higher pyrolysis temperatures provide biochar with higher ash content and decomposes
acidic functional groups such as –COOH, which consequently leads to higher pH levels.
The high pH of the biochar can have a liming potential when introduced into the soil
(Chintala et al., 2014).

2.3.4.2

Surface chemistry

Biochar chemistry is highly dependent on the initial feedstock, the pyrolysis temperature
and holding time. However, all biochars are composed of condensed aromatic ring
structures that become larger and even more condensed with increasing pyrolysis
temperatures. A variety of functional groups are known to exist on the surface of biochars,
such as heteroatomes (hydrogen, oxygen, nitrate, phosphorus and sulphur), acidic carboxyl
groups and other essential functional groups (chromenes and pyrenes) (Lehmann & Joseph,
2012). However, the presence of functional groups on the surface of biochar depends on
the feedstock and process condition. In addition, the general expectation is that
temperatures above 600 °C will decompose functional groups due to heat degradation
(Jindo et al., 2014).
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Pyrolysis temperature and biomass composition can impact biochar pH. Most biochars are
alkaline with some except due to the feedstock composition. Biochar pH increases with an
increase in pyrolysis temperature (Ahmad et al., 2014; Tran et al., 2016). Higher pyrolysis
temperature provides biochar with higher ash content and decomposes acidic functional
groups such as –COOH, which consequently leads to higher pH levels. The high pH of the
biochar can have a liming potential when introduced into the soil (Chintala et al., 2014).

2.4

Activated carbon

Activated carbon is a highly porous carbonaceous solid often applied as adsorbent in
water treatment. It is widely used to remove organic compounds from different types of
water including drinking water, wastewater, groundwater, landfill leachate, swimmingpool water, and aquarium water (Worch, 2012).

2.4.1

Types

Activated carbon is usually available as granular activated carbon (GAC) with particle
sizes of 0.5 to 4 mm and powdered activated carbon (PAC) with particle sizes < 40 μm,
etc. The different particle sizes are linked to different techniques of application; Activated
carbon is used as PAC in slurry reactors or GAC in adsorption fixed-beds (Worch, 2012).

2.4.2

Precursors

Almost all carbonaceous materials can be used as a precursor for activated carbon
preparation. Materials with a high carbon content and low inorganic materials (i.e. wood,
nutshells, fruit stones, lignite, peat, coal, charcoal, petroleum coal, etc.), however, are more
suitable materials to produce activated carbons. The following criteria can summarize the
properties of a suitable precursor (Da̧browski et al., 2005):
•

low inorganic content,

•

ease of activation (more susceptible to thermal and chemical change),

•

high availability and low cost,

•

nonhazardous nature, and

•

high stability during storage.
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Stricter environmental regulations towards cleaner water and air, finding waste
management solutions, and the substitution of petroleum-derived products have led to
recent searches for an increased use of agro-industrial and other organic wastes as
precursors for activated carbons. In that context, wood (62%) and coconut shells (32%) are
widely used in the large-scale synthesis of activated carbon (Beroeinc, Market analysis).

2.4.3

Activated carbon production

Physical or chemical activation is the partial oxidation of a precursor to achieve enhanced
characteristics, such as specific surface area and surface functional groups (Sajjadi et al.,
2019). There are usually two steps involved in the activation process: partial or complete
carbonization of the precursor to achieve a high carbon content material (e.g. residue from
pyrogenic processes), and partial oxidation using a liquid or gas as oxidants (Sajjadi et al.,
2019).

2.4.3.1

Physical activation

Physical activation can be achieved by thermal treatment in a partial oxidizing medium,
such as CO2, steam, limited air, and ozone (Sajjadi et al., 2019). A review of the reaction
mechanism and product characteristics can be found in chapter 4.

2.4.3.2

Chemical activation

Chemical agents are used for activation through dehydration and degradation of the
biomass structure. It is important to remember that the distribution of pore size and the
surface area are determined by the ratio of chemical agents to precursors (Hagemann et al.,
2018). Chemical activation takes place at lower temperatures than physical activation. For
example, activation of lignocellulosic biomass using ZnCl2 occurs at temperatures lower
than 500 °C. Increasing the concentration of ZnCl2 showed an increase in microporosity
(González-García, 2018). However, chemically activated carbons need to be rinsed
carefully to remove all traces of leachable chemicals. Common agents used in chemical
activations are acids including HNO3, H3PO4 and bases such as KOH and NaOH along
with impregnation of the solids with metal salts and metal oxides (Sajjadi et al., 2019).
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2.4.3.3

Modification (post-treatment)

The goal of the modification is to optimize the surface chemistry towards the adsorption of
specific adsorbates. Rivera-Utrilla et al. (2011) describe modification in terms of oxidation,
sulfuration, and nitrogenation treatments.
The oxidative modification of carbonaceous materials is not the same as activation as the
oxidation is carried out by hydrogen peroxide (H2O2) (Jaramillo et al., 2009) or nitric acid
(HNO3) at low temperatures (at 100 °C) and is primarily aimed at generating oxidised
functional groups, thus not increasing the surface area. In fact, HNO3 is known to reduce
the specific surface area and pore volume due to the destruction of the porous structure
(Rivera-Utrilla et al., 2011). The oxidation of activated carbon was investigated in detail
by (Daud & Houshamnd, 2010). Oxidative alteration with ozone can also be known as
physical/thermal activation (Chiang et al., 2002).
Sulfurization with SO2 or H2S can also have a negative effect on porosity but can, for
example, greatly increase the sorption potential for mercury (Calahorro et al., 1990; RiveraUtrilla et al., 2011).
Nitrogenation or nitrogen alteration of activated carbon is primarily accomplished by the
treatment of gaseous or aqueous ammonia (NH3) to increase polarity and basicity in order
to improve adsorption (José Luís Figueiredo & Pereira, 2010; Rivera-Utrilla et al., 2011).
Yang and Jiang used nitration for biochars with a further reduction process to increase
copper adsorption (G.-X. Yang & Jiang, 2014).

2.5

Application of activated carbon

Today, there are several markets increasing the global demand for activated carbon.
According to Beroeinc. market analysis, by the end of 2021, the global demands is expected
to reach 3858 kilo tonnes, where half of this demand comes from the water treatment
sectors, figure 2.2. These include water treatment, Gold recovery, air purification, as well
as environmental technology driven by new legislation (e.g., strict requirements for cleanup the mercury emissions from power plants) (Hagemann et al., 2018). According to
Beroeinc. market analysis, the annual net value of the activated carbon market is estimated
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to reach USD 8.1 billion by 2021. Powdered activated carbon accounts for approximately
60% of the total activated charcoal market in 2021. Granular activated carbon (GAC) was
approximately 35% of the total market, with other adsorbents accounting for the remaining
5%.

Figure 2.2: Market segments for application of activated carbons as adsorbent
(Beroeinc, Market analysis).

2.6

Activated carbon properties as an adsorbent

The adsorption performance of activated carbon (AC) can depend on the precursor and the
activation method. Variation in each of these will result in variations in the behavior or
properties of the activated carbon sample. The properties that affect the adsorption
characteristics of AC include surface area, porosity, particle size, and surface functional
groups (Sani, 2017).

2.6.1

Surface area

Since adsorption is a surface phenomenon, the adsorption capacity is usually proportional
to the surface area (Weber & Chakravorti, 1974). As a result, activated carbon’s large
surface area is a significant advantage for water and wastewater treatment. Typical ACs

16

have a surface area of between 500 and 1500 m2·g-1, although surface areas of up to 2500
m2·g-1 have been reported (Sani, 2017). The total surface area of the AC consists of internal
and external surfaces. The external surface occurs as a result of holes and cavities that have
wide width and shallow depth. These cavities are pathways to transport adsorbates from
solids outer layer to the adsorption sites. The internal surface area often emerges as a result
of the activation phase, where the porosity of the char is further enhanced and developed
and consists of pores of different sizes. The largest fraction of total surface area belongs to
the internal region (Worch, 2012) and it is mainly responsible for the adsorptive potential
of activated carbon (Sajjadi, 2019).

2.6.2

Porosity

According to the International Union of Pure and Applied Chemistry (IUPAC)
classification, pores are classified by their pore width (diameter or the distance between to
opposite walls). Micropores have pore widths less than 2 nm, mesopores are between 2 and
50 nm, and macropores are larger than 50 nm. The macropores and mesopores promote the
mass transfer of adsorbates to the internal pores of the particle. Generally, macropores
contribute little to the overall adsorption potential of activated carbons (Weber &
Chakravorti, 1974). Based on the adsorbate molecular size, both micro and mesopores
contribute to the overall adsorptive capacity (Bansal & Goyal, 2005). For instance, Walker
& Weatherley (2001) noticed that a significant part of the surface area did not participate
in the adsorption of acid dye molecules due to blockage of internal pores by the large
molecules. The pore size distribution dictates the ACs capacity to adsorb different size
contaminants from water. It is therefore important to choose activated carbons that have a
porosity consistent with the size and nature of the desired contaminants in order to ensure
the optimal use of its adsorptive potential (Gergova et al., 1994).

2.6.3

Gas adsorption isotherm

For the evaluation of both surface area and pore size distribution of an adsorbent,
adsorption isotherms of certain gas molecules on the adsorbent are often used. Nitrogen is
the most suitable adsorptive molecule (Gregg et al., 1967). The shape of a N2 adsorption
isotherm depends on the strength of the adsorbate interaction with the nitrogen molecules
and with the solid interface. Sorption of nitrogen from fluid onto micropores are dominant

17

by the interaction of the fluid molecules with the pore walls. For mesopores, due to the
larger distance of the pore walls from each other, N2 molecules can interact with each other
at the core of the pore which may lead in the occurrence of pore (capillary) condensation
(Lowell et al., 2005). Therefore, the contribution of micro and mesopores to the total
surface area can be observed through the comparison of nitrogen adsorption isotherms
shape. IUPAC has defined the following types (figure 2.3).

I

II

III

B
Amount adsorbed (V)

B

IV

V

VI

Relative pressure (P/P0)

Figure 2.3: IUPAC classification of physisorption isotherms. From (Kumar et al.,
2019).
Type–I isotherm is the dominant shape for microporous materials in which the narrow
pore width helps with the adsorption of fluid molecules at relatively low partial pressures.
A feature of these isotherms is the steep or rapid adsorption volume of N2 at P/P0 lower
than 0.02 (Lowell et al., 2005).
Type–II isotherm are typical of nonporous and macroporous materials with a convexity
towards higher relative vapor pressure. In these solids macropores are considered as flat
surfaces that unlimited monolayer or multilayer adsorption can occur. The inflection point
(B) of the isotherm is where the monolayer coverage is completed, and multilayer
adsorption begins (Gregg et al., 1967).
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Type–III isotherms are manifested by nonporous or macroporous material in which the
adsorbate-adsorbent interactions are weaker than adsorbate-adsorbate forces. As a result,
the uptake of N2 at low relative pressure is small but once a molecule is adsorbed on the
solid surface, adsorbate-adsorbate forces will be dominating in promoting adsorption of
N2 from gas phase (Lowell et al., 2005).
Type–IV isotherms are typical for mesoporous materials. A specific feature of these type
isotherms is the presence of a hysteresis loop which is an indication of pore condensation.
Same as type–I, the micropores are responsible for nitrogen adsorption at lower relative
pressures. As in case of type–II the existence of inflation point indicates monolayer and
multilayer adsorption (Lowell et al., 2005).
Type–V isotherm is characterized by a convex shape towards higher value of relative
pressure. This isotherm is a representative of a mesoporous solids with weak adsorbateadsorbent interactions. Same as Type–IV, this isotherm can depict a hysteresis loop at P/P0
over 0.5 (Gregg et al., 1967; Lowell et al., 2005).
Type–VI isotherm represent stepwise multilayer adsorption. It is a special case which
indicates a solid with uniform surface and no porosity (Lowell et al., 2005).
The shape of the hysteresis loop can provide additional information about the texture (e.g.
pore size distribution and pore geometry) of mesoporous material. An empirical
classification of hysteresis loops provided by IUPAC is shown in figure 2.4. Accordingly,
type–H1 is associated with well-defined agglomerates of cylindrical and/or spheroidal-like
pores with uniform size and shape. Materials with type–H2 exhibit a disordered structure
often featured with inkbottle-shaped pores (i.e. pore body is wider than the pore mouth)
which result in a range of pore size distribution which is not well defined. Type–H3 is
characteristics of slit-like mesopores with a broad range of pore size distribution. Type–H4
has pores with the same geometry as the H3 but with smaller diameter and in the range of
micropores. In addition to the geometry of the pores, the width of a hysteresis loop has a
direct relationship with the pore size (Gregg et al., 1967; Lowell et al., 2005).

19

Figure 2.4: IUPAC classification of hysteresis loops (Lowell et al., 2005).

2.6.4

Surface chemistry

The carbon-oxygen surface groups are the most important functional groups which
influence the surface characteristics of carbon sorbents. The presence and relative
concentration of these groups have a direct impact on deciding the adsorption behavior of
activated carbon (Bansal & Goyal, 2005; Çeçen & Aktaş, 2011). The Oxygen complexes
include carboxylic, lactonic, phenolics, and carboxylic acid anhydride groups (Sajjadi et
al., 2019). A better understanding of the effect of surface groups on adsorption can be found
under electrostatic interaction in section 2.8.2.

2.7

Adsorption isotherm

The adsorption equilibrium and its mathematical explanation are of significance
importance in the sense of adsorption theory. Knowing the adsorption equilibrium data
provides the basis for an evaluation of the adsorption process, particularly for the design
of adsorbers. In a particular adsorbent–adsorbate system, the equilibrium data is required
to characterize the adsorption capacity of contaminants from the aqueous solution, choose
a suitable adsorbent, and to design batch, flow-through or fixed bed adsorbers. The
equilibrium concentration in a system depends on the strength of the adsorbate/adsorbent
interactions and is significantly influenced by their characteristics as well as the aqueous
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solution's properties, such as the temperature, pH value and the coexistence of competing
adsorbates (Worch, 2012).
Although a typical wastewater contains more than one solute/contaminant, understanding
the adsorption behavior for a single-solute adsorption is a reasonable start to clarify some
general aspects of adsorption processes. Single-solute adsorption systems provide enough
data to compare the adsorbability of adsorbates or the strength of adsorbents. Most
importantly, mathematical models for prediction of multi-solute adsorption equilibrium are
often based on single-solute adsorption isotherms (Worch, 2012).
In an adsorption system, the equilibrium state strictly depends on the adsorbate
concentration, the amount adsorbed, and systems temperature. In a single-solute system
the relationship between can be defined as equation.
qeq =ƒ(Ceq, T)

(2.1)

Where Ceq is the adsorbate concentration at the equilibrium, qeq is the amount adsorbed (
depends on the adsorbent loading) at the equilibrium state, and T is the temperature.
Where Ceq is the adsorbate concentration at the equilibrium, qeq is the amount adsorbed at
the equilibrium state, and T is the temperature. The temperature is typically kept constant
so the equilibrium state can be expressed in the form of an adsorption isotherm. The
experimental data from equation 2.1 is usually calculated at constant temperature, and the
measured data are then represented with an appropriate adsorption isotherm. It is important
to define the experimental data with a mathematical equation so that the equilibrium data
could be used in other adsorption models, such as kinetic and breakthrough curve models.
Isotherm models proposed in the literature can be categorized by the number of parameters
in their model that need to be calculated by the experimental data. Besides the mathematical
model, the isotherm shape can also provide quasi-qualitative information on the adsorbate–
adsorbent surface interactions within the sorption process (Da̧browski, 2001). In this case,
the isotherms are classified to four main groups, (i.e. S, L, H, and C) based on the initial
part of the isotherm curve, as illustrated in Figure 2.3.

Amount adsorbed on solid at
equilibrium
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(a) C-shaped

(b) L-shaped

(c) H-shaped

(d) S-shaped

Equilibrium concentration in water
Figure 2.5: Classification of isotherm shapes adapted from (Da̧browski, 2001).
The C-shaped adsorption isotherm (Figure 2.5a) implies that the ratio between the residual
concentration of adsorbate in the water and the adsorbed amount on the solid is the same
at every adsorbate concentration. This ratio is generally referred to as the distribution
coefficient (Kd, (L.g-1)). This shape of isotherm is often limited to a very low concentration
of adsorbate compare to the higher capacity of adsorbents (e.g. trace contaminants in water)
(N. Jiang et al., 2020). If the solid has a limited number of adsorption sites, the isotherm is
possibly non-linear due to a potential saturation plateau. This results in the L-shaped
(Figure 2.5b) and H-shaped (Figure 2.5c).
In the case of L-shaped isotherms, the adsorbent or the solid is eventually saturated, leading
to a decrease in the ratio of between the adsorbate concentration remaining in the water
and adsorbed on the solid decreases, thus providing a concave curve (Figure 2.5b). The
curve can however either reach a steady asymptotic plateau, indicating a solid with limited
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capacity or it does not reach a plateau, meaning the solid capacity is not limited within the
studied concentration range.
The H-shaped isotherm is a special case of L-shaped isotherm with a steep initial slope
(Figure 2.5c). In this case, the adsorbent often exhibits such a high affinity to the adsorbate
surface that the initial slope cannot be the distinguished from infinity, even though it is not
thermodynamically significant (Tóth, 1994).
The S-shaped isotherm is sigmoidal and has an inflection point (Figure 2.5d). This form of
isotherm is often the product of two opposing mechanisms. A common example is the
adsorption of nonpolar organic compounds on the clay; the clay surface shows a low
adsorption capacity, but once these compounds cover the clay surface, other organic
molecules are adsorbed more easily (Pignatello, 1999). This is called the cooperative
adsorption (Hinz, 2001), same has been observed for metalloids removal, where the
adsorbed layer of one contaminant leads to adsorption of another contaminant via
complexation (Taiwo & Chinyere, 2016).
Until now, there has been no universal isotherm equation that can describe all experimental
data with the same precision. There are currently a variety of isotherm equations that must
be evaluated for their applicability. Preference should be towards the mathematical
equations which describe the isotherm data as simple as possible. Most single-solute
isotherms were initially derived for gas or vapor adsorption, where equilibrium is usually
expressed as a gas or vapor pressure. If the equilibrium pressure is replaced by the
equilibrium concentration, these isotherms can also be used for the adsorption of solutes
(Worch, 2012). Isotherm models can consist of up to five-parameter. Generally, the quality
of data fitting can be expected to improve with increasing the number of parameters. On
the other hand, a higher number of parameters complicates the application of these
equations. It is therefore reasonable to keep the number of parameters as minimal as
possible (Worch, 2012). The following sections describes two common isotherm models
used in this study.
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2.7.1

Langmuir Isotherm

In the Langmuir model, the solid is assumed to have a limited monolayer adsorption
capacity (qm). All adsorption sites are assumed identical, each site can hold only one
molecule of the adsorbate, and all sites are energetically independent of the adsorbed
quantity (Ayawei et al., 2017). The Langmuir isotherms model is described as follows:
qe =

KL qm C e

(2.2)

1+KL Ce

Where Ce (mg·L-1) is the concentration of contaminant in the solution at the equilibrium,
qe (mg·g-1) is the amount of contaminant adsorbed on the solid phase at the equilibrium,
qm (mg·g-1) is the maximum monolayer adsorption capacity of the adsorbent, and KL
(L·mg-1) is the Langmuir constant related to the affinity between the adsorbent and
contaminant.

2.7.2

Freundlich Isotherm

This model is applicable for adsorption processes on heterogeneous surfaces. This isotherm
falls into the category of L-shaped isotherms. The model is known to be satisfactory for
low concentrations of adsorbates and is expressed by (Ayawei et al., 2017).
1⁄
n

2.3)

q e = K F Ce

Where qe and Ce are as previously defined, KF ((mg.g-1)(mg.L-1)n)) is the Freundlich
constant, and n is the Freundlich intensity parameter that reflects the magnitude of the
adsorption driving force.

2.8

Adsorption mechanisms

The use of adsorption processes for the removal of organic compounds from aqueous
solutions has been extensively studied (Z. Abbas et al., 2018; Ania et al., 2002; Y. Dai et
al., 2019; Schulz et al., 2017; Snousy, 2017). Activated carbon and biochars in their pure
and modified forms have been reported to be effective in the absorption of organic
compounds (Gupta et al., 2014; Jing et al., 2014; C. Jung et al., 2015; Moore et al., 2010;
L. Sun et al., 2015). Organic compound adsorption is affected by factors such as adsorbent
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surface area, surface chemistry, porosity, and adsorbate solubility, molecular weight and
size, in addition to pH and temperature of the aqueous solution (Bansal & Goyal, 2005;
Worch, 2012). These factors affect the adsorption mechanism of organic compounds on
the carbon-based adsorbents.
The adsorption of organic compounds can occur as a result of following mechanisms: (a)
pore filling (b) electrostatic interaction, (c) Surface complexation/precipitation, (d)
hydrogen bonding (e) π-π interaction, and (f) hydrophobic interaction sorption
(Ahmaruzzaman & Sharma, 2005; Da̧browski et al., 2005; Kennedy et al., 2007; MorenoCastilla, 2008). There is generally no strict distinction between these mechanisms, since
they often appear to occur concurrently.

2.8.1

Pore filling

Pore filling is based on the non-homogeneous porous structure of adsorbents, which is
affected by the pore distribution and the molecular weight of organic compounds (T. H.
Nguyen et al., 2007). Therefore, in this adsorption mechanism, the surface area and total
pore volume of activated carbons and molecular weight and size of the adsorbate contribute
to the adsorption of contaminants from water (Xiaona Li et al., 2019).

2.8.2

Electrostatic interactions

Upon immersion or dissolution, both adsorbent and contaminant are charged. The net
electrostatic interactions occur between the charged adsorbent surface and charged
pollutant ions, which depends primarily on the solution pH, pKa of contaminant and point
of zero charge (PZC ) of the adsorbent (Dong et al., 2011; A. Mukherjee et al., 2011). This
interaction can be attractive or repulsive depending on the ionic strength of the solution
and the charge density of the adsorbent and adsorbate (Moreno-Castilla, 2008). As
mentioned before, the adsorbent surface charge depends on the position of solution pH with
regards to pHPZC. The solution pH can cause the adsorbent to have zero, positive, or
negative charge in relation to its pHPZC. Table 2.2 illustrates these relationships.
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Table 2.2: Conditions for electrostatic interactions during adsorption of weak acid
and bases (Worch, 2012).
Adsorbate
nature

Acidic

Basic

Relative
position of
pHPZC and
pKa

Solution pH range

Adsorbate
charge

Adsorbent
surface
charge

Resulting
electrostatic
interactions

pHPZC < pKa

pH > pKa

-

-

Repulsion

pHPZC > pKa

pKa < pH < pHPZC

-

+

Attraction

pH > pHPZC

-

-

Repulsion

pHPZC > pKa

pH < pKa

+

+

Repulsion

pHPZC < pKa

pHPZC < pH < pKa

+

-

Attraction

pH < pHPZC

+

+

Repulsion

When pH of the solution is lower than the pHPZC of the adsorbent, the surface of the
adsorbent is positively charged due to the protonation of functional groups (MorenoCastilla, 2004). When the solution pH is lower than the pKa, organic acids are present in
their neutral form (molecular state). However, if pH is increased beyond the pKa, the
adsorbent exists predominantly in the anionic form. On the other hand, weak bases are
protonated at pH below the pKa and exist predominantly in a cationic form. It is worth
mentioning that when pH = pKa, the adsorbent is 50% protonated and 50% deprotonated.

2.8.3

Surface complexation/precipitation

The formation of multi-atom structures or complexes involving metal ligands on the
surface of the adsorbent is called complexation. This binding mechanism can be achieved
through the complex formation of ionic species with deprotonated surface carbonyls groups
as electron donors and carboxyl/hydroxyl containing compounds as electron receptors
(Weber & Chakravorti, 1974). Formation of solids either on the surface of the adsorbent
during the adsorption process is known as precipitation. Generally, the adsorbents ability
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to in creating complex formation improves as the increase the amount of basic oxygen
surface groups increase (e.g., at high processing temperature) (Ahmad et al., 2014).

2.8.4

Hydrogen bonding

Hydrogen bonding is an inter molecular force that forms a special type of dipole-dipole
attraction between a hydrogen atom covalently bonded to a strongly electronegative atom
(N, O, or F) and another atom of strong electronegativity. For example, the electropositive
H atom on the surface of an adsorbent (H-containing groups) can form a bond with the
electronegative oxygen-groups of a anionic metal such as Au. This type of interaction
depends on the adsorbent–adsorbate strength and pH of the solution (von Oepen et al.,
1991).

2.8.5

π-π interaction

This mechanism arises from interactions between the delocalized π electrons in basal
planes of activated carbon and the π electrons in aromatic rings (Ok et al., 2018). Thermal
treatment at high temperatures will reduce the amount hydrogen and oxygen–containing
groups, thus increasing the carbon structure aromaticity. The aromatic rings on the AC
surface can act as π electron donor and the aromatic structure of the adsorbate can act as a
π electron acceptor. These π–π interactions are mainly responsible for the adsorption of
aromatic contaminants (illustrated in Figure 2.6).

Figure 2.6: Delocalized π electrons around an aromatic ring adapted (Lehmann,
2012).
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2.8.6

Hydrophobic bonding

The amphoteric nature of the carbon surface is influenced by the formation of oxygen
containing surface groups. When oxygen groups such as carboxyls, lactones, lactol and
phenols are the most dominant functional groups on the carbon surface, the adsorbent
surface is acidic, hydrophilic and polar (Bansal & Goyal, 2005; Foo & Hameed, 2012).
Higher polarity can result in the adsorption of water molecules by hydrogen bonding with
carboxyl acid and phenolic hydroxyl groups, which can form clusters so the contaminant
molecules could not access the sorption sites (Da̧browski et al., 2005; Moreno-Castilla,
2004). In the event of low polarity, the basic oxygen groups, such as carbonyl, pyrene,
ethers and chromium prevail, and the adsorbent would have a basic character, thus allowing
the adsorption both hydrophobic and hydrophilic contaminants (L. Li et al., 2002; LopezRamon et al., 1999). In this case, compounds with lower solubility are preferred to those
with higher solubility (Weber & Chakravorti, 1974).
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3

Impact of pyrolysis conditions on biochar properties

3.1 Abstract
In this chapter digestate derived biochars and activated carbons (AC) were evaluated as
potential soil amendments by investigating their ability in releasing nutrients, stabilizing
carbon, and removing heavy metal ions. Biochar was produced using pyrolysis at a final
temperature range of 300–600 °C and with a wide range of heating rates (10, 80, 100, 200,
>1000 °C.min-1). Then, biochar from 500 °C and 10 °C.min-1 was used to produce activated
carbons under CO2 gas at 800 °C and with holding times of 0.5-2 hours. The nutrients in
digestate and its derived products were recovered using soxhlet extraction with water as
solvent; carbon stability was measured in terms of fixed carbon content. The heavy metal
removal capacity was assessed through adsorptive behaviour towards Cu (II) from water.
Upon increasing the final temperature from 300 °C to 600 °C the yield dropped by a
maximum of 44 %. The amount of nutrients of interest (i.e. Ca, Mg, K, and P) extracted by
water decreased with increasing temperature and heating rate, with the exception of K
content, which increased with heating rate. Carbon stability improved by a maximum of
50 % from 300 °C to 600 °C. However, faster heating rates with the same final pyrolysis
temperature resulted in less stable biochars. The adsorptive capacity of digestate increased
from 30 mg.g-1 to 48, 51, 52, and 58 mg.g-1 under pyrolysis temperature of 300, 400, 500,
and 600 °C. The water extractable amount of Ca, K, and Mg were higher with activated
biochar than with pristine biochar, however no phosphorous was recovered. The carbon
stability of digestate was enhanced by an additional 54 % after further activation of biochar.
The AC showed slightly higher adsorptive capacity as well. In general, this study indicates
that temperature and heating rate can be used to design a biochar with desired leaching
behavior and carbon stability upon returning to the soil.
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3.2 Introduction
In transition from fossil to bio-based economy, it is important to maximize the energy and
cost efficiency of green technologies. One of the most energy-efficient and
environmentally beneficial technologies for bio-energy production is anaerobic digestion
of biomass (Stefaniuk & Oleszczuk, 2015; Vaneeckhaute et al., 2013). Besides renewable
energies, this process also produces a stream of nutrient-rich by-product called digestate
(Fehrenbach et al., 2008). Generally, digestate is applied to land as a replacement for
inorganic fertilizers (Fuldauer et al., 2018), but its application might be restricted in some
countries to avoid nutrients overloading in one region (Canadian Anaerobic Digestion
Guideline-Draft, 2019; Peng & Pivato, 2019). As a result, digestate may need to be stored
in situ or transported to other farmlands, which given its bulkiness and high water content,
can be costly (Vilanova Plana & Noche, 2016). Moreover the unconverted digestate residue
(up to 60%) contains unstable organics, resulting in the emission of greenhouse gases
during its storage and land application (Gioelli et al., 2011; Menardo et al., 2011).
Depending on the initial feedstock, digestate may also contain contaminants such as heavy
metals, leftover pathogens, or steroid hormones (Bonetta et al., 2011; Insam et al., 2015;
Rodriguez-Navas et al., 2013; Sidhu & Toze, 2009). Different treatment methods have
therefore been proposed to reduce the detrimental environmental impact of digestate (Peng
& Pivato, 2019). Unfortunately, the total capital costs of biogas plants are already high,
needing 6-15 years for payback (Agriculture, 2008). As a result, it is best to seek methods
that can generate revenue from digestate.
Pyrolysis of solid digestate has been found to be a promising way to reduce the negative
impact of digestate, and increase the energy and cost efficiency of the overall process
through the production of bio-oil, gas and value-added compounds such as biochar and
activated carbons (Barry et al., 2018; Fernandez-Lopez et al., 2015; Miliotti et al., 2017;
Monlau et al., 2016b; Opatokun et al., 2015; Stefaniuk & Oleszczuk, 2015). Bio-oil and
gas can be burned to generate additional energy, whilst biochar can be used as soil
amendment. When applied to soil, the biochar porosity helps increase the water holding
capacity of the soil and benefits the soil biota (Lehmann et al., 2011). As a porous material
biochar has shown to be effective in removing heavy metals (Pb2+, Cu2+, Ni2+, Cd2+, Zn2+)
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and contaminants from soil and water (Inyang et al., 2012; L. Sun et al., 2013; Y. Zhang &
Luo, 2014). It can also increase the soil cation exchange capacity and reduce the nitrogen
and nutrient run-off into ground water (Manyà, 2012). Moreover, after heat treatment
biochar has a higher proportion of stable carbon when compared to digestate. This means
biochar organic carbon is less susceptible to decompose under weathering and microbial
activity, resulting in in a reduction of greenhouse gas emissions such as CO2, N2O, or CH4
. (G. Xu et al., 2012). Moreover, biochar from digestate is a source of plant nutrients (P, K,
Ca, Mg, NH3) (Lehmann & Joseph, 2012; Tag et al., 2016). Most of these nutrients remain
in the biochar during pyrolysis and a large proportion leaches into soil, improving plant
growth (Wu et al., 2011b). Selecting the best pyrolysis technology and operating conditions
is important to enhance biochar beneficial characteristics.
Pyrolysis technologies are categorized as slow, intermediate, and fast pyrolysis, according
to their heating rate and residence time (Table 3.1). During slow pyrolysis, biomass is
carbonized at heating rates lower than 50 °C and temperature between 300 to 800 °C for a
relatively longer residence time (hours to days). In general, this type of process yields the
same amount of bio-oil and biochar. However, the bio-oil from slow heating rate pyrolysis
is of low quality since it contains high fraction of water phase. Therefore, the process is
mainly applied for production of biochar (Ronsse et al., 2013; Y. Yang et al., 2018a).
Table 3.1: different pyrolysis technologies (Brownsort & Mašek, 2009; R. Xu, 2010).
Product yield, %
Biochar
Gas

Process

Temperature

Heating rate

Residence
time

oil

Slow
pyrolysis

300–800 °C

<50 °C/min

Hours to days

20–50

25–35

20–50

Intermediate
pyrolysis

300–450 °C

200–300 °C/min

Minutes

35–50

25–40

20–30

Fast
pyrolysis

300–1000 °C

10 to ̴ 1000 °C/s

<2s

60–75

10–25

10–30

Reactor
configuration
Auger, rotary kiln,
fixed bed
Auger, rotary kiln,
fixed bed
Fluidized beds,
entrained flow,
auger

Fast pyrolysis conditions consist of rapid heating of biomass at temperature around 3001000 °C. In this process, it is important for vapors to have a short residence time (< 2 s) to
prevent secondary reactions; however, depending on the process (batch or continuous) the
biochar might have higher residence time than vapors. The main product of fast pyrolysis
is bio-oil and the quality of the liquid depends on heat and mass transfer parameters.
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Therefore, in this type of process biomass is often ground to a small size (Iisa et al., 2019).
Intermediate pyrolysis is usually carried out at temperatures between 300–450 °C with
heating rates ranging from 200 to 300 °C.min-1 and residence time of minutes. Both biochar
and bio-oil are produced, with bio-oil quality somewhere between slow and fast pyrolysis
(Yaashikaa et al., 2019).
The extent of nutrient leachability and carbon stability depends on feedstock and process
conditions such as final temperature, heating rate and residence time (Stefaniuk &
Oleszczuk, 2015). Extensive research has been done on the effect of pyrolysis temperature
on nutrient recyclability/leachability and carbon stability of biochars (Homagain et al.,
2014; Hossain et al., 2011; Kong et al., 2014a; Y. Li et al., 2014; Manolikaki et al., 2016a;
Méndez et al., 2013; Monlau et al., 2016b; Novak1 et al., 2009; Opatokun et al., 2017; Peng
& Pivato, 2019; Rehrah et al., 2016; Roberts et al., 2017a; Shareef & Zhao, 2017; Stefaniuk
& Oleszczuk, 2015; Tag et al., 2016; Yan Wang et al., 2014). The biochar nutrient
leachability is highly influenced by the nature of the biomass (e.g., hemicellulose, cellulose
and lignin contents) an ash content (Stewart et al., 2013; Y. Sun et al., 2014). For example,
biochar derived from manure-based biomass typically has more available nutrients than
plant-based biomass (Lehmann & Stephen, 2015; Tag et al., 2016). Detailed studies can be
found elsewhere (Adilla Rashidi & Yusup, 2020; Y. Hu, 2014; Kloss et al., 2012; Novak1
et al., 2009; Pariyar et al., 2020; Ronsse et al., 2013).
Table 3.2 summarizes the results from past studies on the effect of pyrolysis heating
conditions on nutrient leachability and carbon stability of anaerobic digestate from
different feedstocks. It can be concluded that biochar produced at higher pyrolysis
temperature has a higher total nutrient content. This is acceptable, since the inorganic
matter consisting of nutritive species are accumulated in the ash content of biochar which
increases with the loss of organic matter at higher pyrolysis temperature (Lehmann &
Joseph, 2012). On the other hand, increasing temperature tends to reduce the amount of
nutrients leached from biochar; Since most of nutrients are found to remain in the biochar
during pyrolysis, the drop in the leachability is justified as a result of a change in chemical
form of nutrients present in biochar (Cantrell et al., 2012; Novak et al., 2014). Lastly,

32

higher temperatures tend to favor the formation of recalcitrant forms of carbon in biochar,
thus, improving the
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Table 3.2: Previous works on effect of heating rate, temperature and digestate feedstock on biochar characteristics.
Feedstock

Temperature
(°C)

Heating rate
(°C.min-1)

Total Nutrients

Available nutrients

Total carbon

Stable carbon

Reference

2 biosolids

300-750

Slow

P increased with
temperature

No specific trend in the
availability

-

Increased with
temperature

(Roberts et
al., 2017b)

300, 500

6

-

Decreased with
temperature

-

(Manolikaki
et al. 2016)

300-600

5

Nutrients increased
with temperature

Increased with
temperature

Increased with
temperature

(Tag et al.,
2016)

Different digestates
(meso/thermo)

400-800

25

Nutrients increased
with temperature

-

Increased with
temperature

Increased with
temperature

(Stefaniuk et
al. 2015)

Food waste digestate

300-700

10

Nutrients increased
with temperature

Biomass available
nutrients higher than
biochar

Decreased with
temperature

Increased with
temperature

(Opatokun et
al. 2017)

Solid municipal waste

300-750

-

Nutrients increased
with temperature

-

Increased with
temperature

(Rehrah et al.,
2016)

One stage fermentation
Vs. two stage for same
digestate

600

20

One stage digestate
had higher Nutrient

-

-

400 500

Slow
Fast

-

All nutrients increased
with heating rate

Decreased with
temperature and
heating rate

Increased with
temperature
One stage digestate
had higher stable
carbon
Increased with
temperature
Decreased with
heating rate

250-550

Slow
Fast

Nutrients decreased
with heating rate

K and Ca increased, p
decreased with
temperature
Nutrients decreased
with heating rate

Increased with
temperature
Decreased with
heating rate

Increased with
temperature
Decreased with
heating rate

(Barry, et
al.2018)

300-700

Slow
Fast

Increased with
temperature
Decreased with
heating rate

All nutrients decreased
with temperature and
heating rate

Increased with
temperature
Decreased with
heating rate

-

(Lehmann et
al. 2015)

Agricultural residue (rice
husk, grape pomace)
Vine pruning, poultry
litter, orange pomace,
seaweed

Sewage sludge

Digestate

Manure-based
Plant-based

P increased with
temperature
K increased, Ca and Mg
decreased with
temperature

(Monlau et
al., 2016b)
(Barry, et
al.2018)
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carbon stability (K. H. Kim et al., 2012; Atanu Mukherjee & Zimmerman, 2013). In
addition to that, table 3.2 shows that the nutrients leachability decreases when shifting from
slow to fast pyrolysis. (Kong et al., 2014b) and (Wu et al., 2011a) studied fast and slow
pyrolysis of mallee biomass for nutrient recovery through water leaching. They suggested
that the drop in water-soluble fraction of Ca and Mg for fast pyrolysis was attributed to the
formation of carboxylic compounds and the promotion of organically bonded nutrients that
are less water-soluble. During fast pyrolysis, rapid increase in temperature leads to melting
of biochar structure; thus, some form of water extractable nutrients may become
encapsulated within the blocked pores (Wu et al., 2011a). Generally, slow pyrolysis yields
biochar with a higher proportion of stable carbon. This can be explained by lower content
of oxygen and higher carbon concentration for slow pyrolysis due to the prolonged reaction
time when compared with fast pyrolysis (Bruun et al., 2012; Yu Wang et al., 2013).
Digestate based biochar can also potentially be applied as adsorbent for removing heavy
metals from soil and wastewater (Inyang et al., 2012; L. Sun et al., 2013; Y. Zhang & Luo,
2014). The derived biochar product has shown potential to be used as precursor for the
production of activated carbon for use in super capacitors, and as adsorbent. One of the
most widely used heavy metals in industries is copper and its derivatives. It can
contaminate soil and water through effluents from mining, printed circuits, fertilizer
production, refineries, wood pulp production and preservatives, paints and pigments etc...
(S. H. Abbas et al., 2014; Ghosh et al., 2015). Copper usually occurs in nature as oxides
and sulfides (S. H. Abbas et al., 2014). Research on the effectiveness of digestate derived
biochar on the removal of copper is limited. However, biochar from other sources have
proved to be an efficient adsorbent for copper. Table 2.3 summarizes some the findings on
copper removal from water by biochar. The results show manure-based biochars have
higher Cu (II) adsorption capacity than lignocellulosic biomass, which was explained to be
a result of greater mineral matter (Adilla Rashidi & Yusup, 2020)
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Table 3.3:summary of copper adsorption capacity of biochars comparable to this
work adsorption condition.
Temperature
(°C)

Surface
area
(m2.g)

pH

Hard wood

450

0.43

Corn straw

600

Peanut straw

400

Soybean straw
Canola straw

Feedstock

Rice husk
Olive pomace
Orange waste
Compost
Pig manure
Cow manure
Dairy manure
Switch grass
Hardwood
Soft wood

qm,

Adsorption
Temp. (°C)

Concentration
(mg.L-1)

Langmuir

5

22

6-318

6.8

5

22

6-318

12.5

-

5

25

158-954

89

400

-

5

25

158-954

53

400

-

5

25

158-954

37

-

5

24

1-50

-

5

24

1-50

Raw
300
600
Raw
300
600
Raw
300
600
Raw
300
600
400
600
400
600
200
350
500-Fast
500-Slow
700-Slow
500-Fast
500-Slow
700-Slow
500-Fast
500-Slow
700-Slow

-

5

24

1-50

-

5

24

1-50

5

20

5

20

15.6
15.9
2.5
8.0
1.9
5.6
3.0
3.6
73.2
5.5
119
373
7
95
362

-

64
191
64
191
64
318

4.8

20

-

4.8

20

-

4.8

20

-

Reference

(mg/g)

6.3
4.6
0.3
7.1
5.1
0.7
10.3
4.9
0.4
10.1
7.9
3.4
78.4
88.2
76.1
88.5
48.4
51.5
12.5
5.2
3.1
1.1
0.4
7.1
8.1
6.4
11.1

(X. Chen et
al., 2011)

(Tong et al.,
2011)

(Pellera et
al., 2012)

(Kołodyńska,
et al., 2012)
(X. Xu et al.,
2013)

(Han et al.,
2013)

Most studies on soil applications for biochars used slow pyrolysis, with a few exceptions
for fast pyrolysis. However, the effect of heating rate on biochar leachability cannot be
explained accurately by comparing the two extreme heating rates. The term fast pyrolysis
does not specify an exact heating rate; therefore, the actual effect may vary between studies.
Moreover, research on slow pyrolysis is mostly done using a fixed bed reactor, which is
not suitable for operation at fast heating rates. This results in a change of reactor
configuration which has also additional impact on product characteristics. A study on a
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range of specific heating rates using one reactor configuration will thus truly assess the
heating rate impact on nutrient recyclability/leachability of biochar.
This work aims to compare the nutrients recovery, carbon stability, and heavy metal
adsorption capacity of biochars, and activated carbons derived from pyrolysis and CO2
activation of digestate obtained from a biogas plant in Ontario. A series of biochars were
prepared at a temperature range of 300-600 °C and heating rates of 10, 80, 100, 200, and >
1000 °C.min-1. Biochar produced at 500 °C and 10 °C.min-1 was used as the precursor to
produce activated carbons under CO2 environment at 800 °C temperature and holding times
of 0.5, 1, and 2 hours. For more accurate comparison, thesame reactor configuration,
consisting of a lab-scale fluidized bed, was used to for all processes to minimize the effect
of reactor configuration. A continuous leaching setup known as soxhlet extractor was used
to extract nutrients from biochar by means of water. Since K, Mg, Ca, and P were the most
dominant nutritive species in digestate, the biochar nutrient leachability was assessed based
on those species. The carbon stability of biochars were measured based on the portion of
fixed carbon retained in biochar after different heating conditions. The adsorptive capacity
of the digestate derived products towards heavy metals was assessed using Cu (II) as a
common representative of heavy metals commonly present in soil.
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3.3 Materials and methods
3.3.1 Feedstock
The anaerobic digestate used in this chapter is from Bayview Flowers Ltd., located in
Lincoln, Ontario, Canada. It contains 32% food waste, 37% manure, 10% pomace, 7% pet
food, 6% distiller’s grain, 3% glycerine, and 2% vegetable oil. The initial digestate was
dried and stored before any experiments. Table 2.4 shows the digestate properties.
Table 3.4: Proximate and ultimate analyses and inorganic content of Bayview
digestate used in this chapter.
Feedstock
Bayview digestate
Proximate (wt% dry basis)
Moisture a
1
Volatile matter
65.2
Ash
6.1
Fixed carbon
28.7
Ultimate (wt% dry basis)
N
1.82
C
47.9
H
5.38
S
4.2
b
O
40.7
Inorganic species (wt% dry basis)
Ca
1.02
K
0.94
Mg
0.22
P
0.2
a
b
after drying at 80 °C for 24 h. by difference = dry basis
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3.3.2 Pyrolysis
The reactor used for pyrolysis is the JBR, which was developed in The Institute for
Chemicals and Fuels from Alternative Resources (ICFAR) for studies on endothermic
reactions. The JBR is a semi-batch fluidized reactor with an inner volume of 80 ml that is
agitated by means of a pneumatic actuator. The frequency and amplitude of the agitation
is controlled by a solenoid valve programmed with an Arduino, using values found to
ensure excellent particle mixing and heat transfer (Latifi et al., 2014). An induction unit
with 9 kW power capacity is used as the heating source. The bed temperature is measured
using a thermocouple immersed in the bed of biomass and temperature is controlled by
means of PID controller connected to a data logger for real-time monitoring. The feedstock
for pyrolysis is between 5 to 8 g, depending on the pyrolysis type. Prior to each run the
reactor is sealed and flushed with 47 ml.min-1 (STP) of nitrogen for 2 minutes. Table 3.5
summarizes the pyrolysis conditions under which the biochar is produced.

3.3.2.1 Slow and Intermediate pyrolysis
In order to study the effect of heating rates during pyrolysis, it is important to precisely
control the temperature of the agitated solids. A uniform solids temperature was ensured
by agitating the JBR with the appropriate frequency and amplitude (5 Hz and 8 cm); this
ensured that the solids temperature gradients were within a few degrees. To achieve good
temperature control, it is also important to minimize thermal inertia and to maximize the
heat transfer rate from the heating surface to the agitated solids. The heating surfaces used
were thus 9 Inconel rods (75 mm long and 3 mm in diameter), which were heated by
induction. Their location in a well-mixed region and their high temperature provided
excellent heat transfer to the agitated solids (Latifi et al., 2014). Their low mass minimized
thermal inertia. Their internal location, far from the reactor wall, helped minimize heat
losses, as a low mass and insulating ceramic crucible was used as the reaction chamber.
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Figure 3.1: Reactor setup used for slow/intermediate pyrolysis (a) and fast pyrolysis
(b) of Bayview digestate using the JBR.
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In each run, 5 g of dried digestate was placed in the crucible. The reactor was sealed and
flushed with nitrogen for two minutes to purge out the air. The nitrogen flowrate at standard
condition was kept at 47 ml.min-1 and the reactor was agitated while it was heated or
cooled. A PID temperature controller was used to set the heating rate (in terms of
temperature ramp as °C.min-1), the final pyrolysis temperature, the time during which the
reactor was maintained at the final temperature (which was 30 minutes for all the runs of
this chapter). The induction was then turned off and reactor was cooled down. After cooling
the reactor and the solids below 100 °C, the shaking was stopped, and the biochar (BC)
was collected and weighed. The yield was calculated as:
m

Biochar yield (wt%) = m biochar × 100
biomass

(3.1)

The heating rate ranged from 10 and 80 °C.min-1 for slow pyrolysis and 100 and
200 °C.min-1 for intermediate pyrolysis (Temperature profile with time for both heating
and cooling can be found in figure A.1). The summary of process conditions can be
found in table 3.5.

3.3.2.2 Fast pyrolysis
To obtain the high solids heating rate associated with fast pyrolysis, the equipment was
modified to store heat in metal components of high thermal conductivity and capacity that
could then transfer heat rapidly to the reacting solids. The ceramic crucible was replaced
with an Inconel crucible and 100 g of 4.7 mm stainless steel balls were used as part of the
agitated bed inside the reactor. As shown in figure 3.1 (b), the biomass was directly injected
into the hot agitated bed of metal balls. The injection system consisted of an air-tight
biomass container on the top of a pneumatic pinch valve attached to the reactor. The air
supply to the valve was controlled via a solenoid valve so that, at the start of each run the
pinch valve was closed and at the time of injection the solenoid valve would turn of and
the pinch valve would open. The setup could thus inject the biomass without stopping the
reactor agitation.
At the start of each run, the reactor and its metal balls were sealed, and flushed with
nitrogen. The reactor was agitated with a frequency and amplitude that ensured good
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mixing. The induction heater was then turned on. Once the target pyrolysis temperature
had been reached, 8 g of dried digestate was injected into the bed. The nitrogen flowrate
was maintained at 100 ml.min-1 STP to ensure fast purging of product vapors. The reaction
was set for a 30-minute holding time, as with slow and intermediate pyrolysis. At the end,
induction was shut down and the biochar products were collected and weighed in the same
way as in the slow and intermediate pyrolysis experiments (equation 3.1).
Table 3.5: Pyrolysis conditions used for conversion of Bayview digestate to biochar.
Heating rate

Temperature (°C)

N2 flowrate
(ml.min-1)

Holding time
(min)

10 °C.min-1

300, 400, 500, 600

47

30

80 °C.min-1

300, 400, 500, 600

47

30

100 °C.min-1

300, 400, 500, 600

47

30

200 °C.min-1

300, 400, 500, 600

47

30

Fast

300, 400, 500, 600

100

30

Figure 3.2 shows the variation in temperature after injection of 5 g biomass at pyrolysis
temperature of 300, 400, 500, and 600 °C. The drop in temperature is less than 5 °C
(patterned area) for all the temperatures.
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Figure 3.2: Temperature profile for fast pyrolysis of Bayview digestate with biomass
injection at t = 40 s.

3.3.3 Biochar activation
The JBR setup shown in figure 3.1 (a) was used for the CO2 activation of the biochar
integrated with the slow pyrolysis. At first, digestate was pyrolyzed at heating rate of
10 °C.min-1 to 500 °C, was held at this temperature for 30 minutes and then heated up again
to 800 °C with the same heating rate and under nitrogen. Then, at 800 °C, nitrogen gas was
switched to CO2 gas keeping the flowrate at a constant rate of 47 ml.min-1 (STP). The
activation was held for either 30 minutes, 1 hour or 2 hours. At the end of holding time,
the CO2 gas was switched back to nitrogen and the induction was turned off. After
sufficient cooling, the activated biochars were collected and their yield was calculated on
the biomass basis using equation 3.1.
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3.3.4 Product characterization
3.3.4.1 Leachability
Nutrients in biomass/biochar are released to the surrounding water under a set of chemical
and physical mechanisms such as dissolution, desorption, complexation and biochemical
reactions. In porous materials, mass transfer is affected by diffusion of dissolved nutrients
toward the surface (affected by solids particle size, surface area, porosity and structure)
and the concentration gradient at the liquid-solid interface. In the present work, dissolution
and transportation of nutrients via water is facilitated by using a continuous extraction setup
known as Soxhlet extractor (figure 2.3). The setup combines the benefits (simple and cost
effective in terms of solvent usage) of batch and continuous extraction methods, without
the mass transfer limitation of the batch process or the over-dilution of nutrients in
continuous setups (Liaw & Wu, 2013).

Figure 3.3: Continuous extraction setup for determining nutrients leachability by
water extraction (Porat, 2019).
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Bayview digestate and its derived biochar and activated carbon were subjected to water
extraction in order to quantify the amount of water extractable inorganic mater. Table 2.6
includes the extraction condition using soxhlet. Approximately 1.5 g of biochar was placed
into an extraction cellulose thimble. The thimble was covered with cotton wool and
inserted into the extraction chamber. Extraction was carried out with 150 ml of water and
the heating rate of the boiling water was adjusted to provide 6 extraction cycles per hour.
At the end, the extraction water was filtered, and then reduced to a volume of 100 ml using
a hot plate at a temperature below the boiling point (roughly 80-90 °C). Also, the effect of
particle size on the leachability was briefly studied by measuring the amount of nutrient
leached at two-time intervals. It must be noted that due to lack of mechanical mixing in
the JBR, the final particle size of biochars and activated carbons are affected mostly by the
heating profile. Since, the particle size is an important characteristic in indicating their
suitability for nutrient leachability, all samples were used without any physical alteration
(e.g. grinding).
Table 3.6: Water extraction conditions using Soxhlet adapted from (Sluiter et al.,
2008).
Parameter

Value

Mass of solid (g)

1.5

Total volume of Water (ml)

150

Volume of Water per cycle (ml)

70

Number of cycles per hour

6

Extraction temperature (°C)

75

Extraction time (h)

16

The quantification of nutrients in digestate, biochar, and leachate was conducted with
inductively coupled plasma-optical emission spectrometry (ICP-OES), after digesting the
samples in nitric acid for 1 hour at temperature of 90 °C. Total nutrient concentration for
each species in digestate and biochar before Soxhlet extraction is reported by the
instrument as mg.kg-1, therefore we defined total nutrient as:
Nutrient concentration in biochar =

Mass of nutrient (mg)
Mass of solid (mg)

(3.2)
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The concentration of nutrients in the leachate is reported as mg.L-1. Therefore, mass of
each nutrient leached from unit mass of digestate or biochar is calculated as:
Nutrient leached =

Nutrient
𝐦𝐠
𝐕𝐨𝐥𝐮𝐦𝐞 𝐨𝐟 𝐬𝐨𝐥𝐮𝐭𝐢𝐨𝐧 𝐚𝐟𝐭𝐞𝐫 𝐞𝐯𝐚𝐩𝐨𝐫𝐚𝐭𝐢𝐨𝐧 (𝐋)
( )×
concentration in liquid
𝐋
𝐌𝐚𝐬𝐬 𝐨𝐟 𝐬𝐨𝐥𝐢𝐝 𝐰𝐚𝐬𝐡𝐞𝐝 (𝐦𝐠)

(3.3)

The effect of pyrolysis conditions on nutrients leachability is evaluated by calculating the
fraction of digestate nutrients that are remained in the biochar after pyrolysis:
Nutrient concentration in biochar

Nutrient recovery (wt%) = Nutrient concentration in digestate × biochar yield

(3.4)

And, the fraction of recovered nutrients that are water leachable:
Nutrient leachability (wt%) =

Nutrient leached
Nutrient in digestate

× biochar yield

(3.5)

3.3.4.2 Carbon stability
Biochar carbon stability is an important factor when considering its potential benefits for
soil application and carbon sequestration. By converting biomass C to biochar carbon,
pyrolysis has the ability to sequester the initial biomass carbon for over a century (Budai
et al., 2013). The majority of carbon in biochar is present in the form of recalcitrant
aromatic rings as opposed to less stable carbon structure in the original biomass. Therefore,
upon being applied to soils, the stable carbon in biochar is less likely to degrade into carbon
dioxide and be released back into the atmosphere (Cross & Sohi, 2013; Kong, 2014a).
Biochar stability is strongly influenced by biochars degree of aromaticity (Krull et al.,
2012). Aromaticity is measured by NMR (Nuclear magnetic resonance) spectroscopy
which is a sophisticated equipment and the analysis is costly and time consuming. A
simpler method is to use ultimate analysis to estimate the stable fraction of carbon from
H/C molar ratio. Typically, biochars with H/C molar ratio between 0.4 to 0.7 are more
suitable for carbon sequestration because they are believed to have more than 50% organic
carbon that can remain in the soil for over 100 years (Budai et al., 2013). Aromaticity and
ultimate analyses both need sophisticated equipment which can be costly.
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In this study, a more direct measurement is completed by using proximate analysis before
and after accelerated oxidation. Research has shown that the fraction of fixed carbon over
FC

sum of the volatile matter and fixed carbon ((VM+FC)) to be a good indicator of pyrolysis
potential to improve carbon stability (X. Sun et al., 2017). A comparison between the
stability measurements obtained from proximate analysis of fixed carbon (FC) and NMR
spectroscopy revealed that the yield of fixed carbon in biochar is a reliable proxy for
indicating the degree of aromaticity when expensive analyses is not available. (Brewer et
al., 2011) suggests the following correlation with 95% confidence interval between
proximate analysis and molar base aromaticity. Equation 2.6 is for pyrolysis and 2.7 for
gasification/activation chars.
FC

(3.6)

FC

(3.7)

Aromaticity (%)=87 (VM+FC) +21
Aromaticity (%)=97 (VM+FC) +8

Moreover, proximate analysis can be indirectly in correlation with H/C molar ratio via the
following equation (T. Wang et al., 2013)
Aromaticity (%)= -38.64(H⁄C)2 -2.92(H⁄C)+99.29

(3.8)

Therefore, in the present work, the carbon stability is assessed through proximate analysis
of fixed carbon fraction according to ASTM D1762–84. samples were dried in an oven at
105 °C consecutively until no mass loss is observed. A muffle furnace was heated to 950
°C and the samples were placed in the furnace in a covered crucible for 7 minutes to
determine the volatile matter content (VM). In the last step, samples were ashed at 750 °C
for 6 hours. The Fixed carbon content was then calculated on a weight basis by subtracting
the volatile and ash content from the dried sample weight.
Biochar carbon stability is calculated as a fraction of fixed carbon over sum of volatile
matter and fixed carbon (Leng et al., 2019):
FC

Carbon stability (wt%)= (VM+FC)

(3.9)

47

The results are then used in eq. 3.7 to calculate aromaticity and equation 3.8 was used to
get an estimation of H/C ratio from aromaticity. Table 3.7 can be used as a reference. In
this table biochar+100 is the percentage of biochar C which is most likely to stay intact
after more than 100 years.
Table 3.7: H/C and Biochar+100 equivalences at 95% confidence (adapted from
Budai et al., 2013)
H/C
(mol.mol-1)
0.4
0.5
0.6
0.7

Mean
80.5
73.1
65.6
58.2

Biochar+100 (%)
Lower limit
Upper limit
72.6
88.2
67.1
78.9
60.5
70.6
52.5
63.8

Chosen value
70
50
50
50

3.3.4.3 Adsorption capacity
In this work, copper sulfate (CuSO4) was used as the contaminant to study the adsorption
capacity of digestate derived biochars and activated carbons for Cu (II) from aqueous
solutions. Batch adsorption experiments were conducted in 20 mL glass tubes using 15 mL
of 10 mM Cu (II) solutions and 0.1 g of adsorbents placed in an incubator shaker (Bionexus,
BNIS-100). These conditions are chosen based on a literature review (X. Chen et al., 2011;
Han et al., 2013; Kołodyńska, Wnetrzak, et al., 2012; Tong et al., 2011; X. Xu et al., 2013).
The samples were mixed at 1000 rpm and at a constant temperature of 25 °C for 24 hours.
It is also worth mentioning that the maximum inherent copper concentration in the solids
(digestate, biochar, or activated carbon) is a negligible amount of 0.002 wt% whose
leachability does not interfere with adsorption when only 0.1 g of adsorbent is used. The
concentration of copper remaining in the solution after adsorption was measured using
UV/Vis spectrophotometry (Thermo Scientific, Evolution 220) at maximum absorbance
wavelength of 255 nm. Table 2.8 shows the physicochemical properties of the cupric ion
and the experimental conditions used for its removal by adsorption on biochar.
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Table 3.8: Properties of Cu (II) and the experimental condition for its removal by
digestate derived biochars.
Adsorbate

Copper ions

Molar mass (g.mol-1)

63.5

Chemical formula

Cu2+ from CuSO4

Solubility in water (g.L-1)

80 (as CuSO4)

Mass of solid (g)

0.1

Experimental condition
Initial concentration (mM)

10

Volume of contaminated water (ml)

10

Adsorption temperature (°C)

25

Contact time (h)

24

pH

5

The calibration curve of absorbance against Cu(II) concentration was obtained by using
different copper solutions. The calibration curve (figure A.3) shows that Beer’s law is
obeyed in the concentration range used (0-25 mM). The adsorption capacity was calculated
using equation 3.10 in mmol per gram of solid:
qt = m

C0 −Ct
biochar or biomass

×V

(3.10)
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3.4 Results and discussion
3.4.1 Pyrolysis
3.4.1.1 Yield of biochar
Figure 2.4 shows the biochar yield from pyrolysis at 300, 400, 500, and 600 °C under slow
heating rates, 10 and 80 °C.min-1, intermediate heating rates, 100 and 200 °C.min-1, and
fast, higher than 1000 °C.min-1. Since the exact heating rate of fast pyrolysis was not
determined, the data was extrapolated to show fast pyrolysis yield as a representative of
highest yield achieved at the highest heating rates. It is clear that the biochar yield drops
with the increase in the temperature and heating rates. However, the obtained biochars.
yield showed a higher sensitivity towards temperature changes (maximum 44%) rather than
the heating rate (maximum 8%). Moreover, the effect of heating rate on the yield drop
seems to decrease as temperature increase. For example, moving from 10 °C.min-1 to fast
heating rate under 300 °C results in 8% drop while this number is 4% when the temperature
is 600 °C, which confirms earlier studies that compares slow and fast pyrolysis yields
(Angın, 2013; Pehlivan et al., 2017).

Figure 3.4: Effect of pyrolysis temperature and heating rate on digestate derived
biochars, with dashed lines as fast pyrolysis yields at each temperature.
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3.4.1.2 Leachability
In this section, results of nutrient (Ca, K, Mg, and P) recovery from biomass via biochar
and leachability via water extraction are presented. Figure 3.5 presents the amount of
nutrients retained in biochar after pyrolyzing digestate under different heating profiles. In
this figure biochars total nutrients are calculated on the basis of total nutrients in digestate
through factoring biochar yield. It is clear that more than 80% of the initial nutrient species
in raw digestate is retained in biochars after pyrolysis of Bayview digestate. The highest
drop in the nutrient recovery is ~15% for Ca and K, ~17% for Mg, and ~19% for P all
attributed to pyrolysis temperature of 600 °C. Wu et al. reported the same trend in the drop
of inorganic species after raising pyrolysis temperature of mallee biomass from 300 °C to
750 °C, with highest drop in total phosphorous content and the lowest for K. The reason
was attributed to (I) the decreasing O and H contents which led to the formation of organic
bonds (more stable) between the species and the carbon matrix, and (II) transformation of
species to carbonates or oxides form (Wu et al., 2011a). Although increase in the heating
rate showed low impact on the total nutrient recovery of biochars, there are still less than
1% drop in both Ca and K and less than 4% drop in Mg content when shifting from slow
towards fast pyrolysis. The P content, on the other hand, showed a slight increase of
(maximum 2%) when heating rate is increasing. The same behavior for Ca, K, Mg, and P
was reported by Lehmann & Joseph in their general review of total nutrient content for fast
and slow pyrolysis.
Considering that part of the total nutrients is lost during pyrolysis, the actual amount of
individual total nutrient species in a biochar available for water extraction is less than that
originally in the digestate. Therefore, the leachability of each nutrient species in biomass
or biochar is calculated as percent of total amount of that nutrient species originally
available in the biomass. The data is presented in figure 3.6 and shows the fraction of
nutrients originally present in digestate which can be recovered in biochar after pyrolysis
of digestate followed by biochar water extraction. Water extraction of digestate can remove
~6% of total Ca, ~100% of total K, ~17% of total Mg, and ~48% of total inherent P content
present in the Bayview digestate. Generally, pyrolysis under any conditions reduces the
leachability amounts by a maximum of 83% for Ca, 55% for K, 92% for Mg, and ~100%
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for P species in comparison to amounts leached from raw digestate. Results are in
agreement with the general conclusion on nutrient leachability of different biomasses
whether it is through water extraction or other chemicals such as Mehlich 1 (Al-Wabel et
al., 2018; Kong, 2014a; Lehmann & Joseph, 2012). Moreover, same digestate was used in
study by Barry et al., which showed the drop in all mentioned species for biochars produced
at 550 °C in comparison to those at produced at 250 °C. Figure 3.6 also presents the impact
of heating rate on the nutrients leachability. The proportion of water extractable Ca, Mg,
and P decreased ~1%, 5%, and 14% respectively shifting from 10 °C.min-1 to fast heating
rate under pyrolysis temperature of 300 °C. On the contrary, increase in the heating rate
enhanced the portion of water extractable K by 4%. The effect of heating rate on the
leachability content was pronounced as at lower pyrolysis temperatures. For example, P
leachability dropped by 3% from slow to fast pyrolysis under 600 °C; same for the decrease
in Ca and Mg content and increase in K content. Therefore, it can be concluded that the
final pyrolysis temperature has a stronger effect on all the studied nutrients in an order of
Mg > K > Ca > P compare to the heating rate.
The extent of leachability of nutrients by water depends dominantly on their chemical state
in which they are present in the biomass or biochar. The nutrients in the biomass or biochars
can be present in one or more of the following forms: (I) salts that are ionically bound (e.g.
K2Cl), (II) minerals (e.g. SiO2) (III) nutrients that are organically bound to the
carbonaceous structure (CaC2O4). The dominant inorganic species in Bayview digestate
are Ca (1.02 wt%) and K (0.94 wt%). The most likely forms of Ca (and Mg) in biomass
are carboxylates which are water insoluble. However, K exists in the form of ionexchangeable carboxylates which are water-soluble (Cantrell et al., 2012). The decrease in
leachability of K with temperature is most likely due to the transformation of part of
potassium associated with Cl to organically bond forms after pyrolysis. The sharp drop in
the leachability of P with temperature suggests that after 300 °C, water-soluble P is
transformed into some water-insoluble minerals, e.g., apatite and/or other complex
phosphorus containing compounds. It is important to note that the leaching and recycling
of Mg becomes almost zero, suggesting that the originally water-soluble Mg has been
transformed into organically bound forms or compounds such as carbonate and/or oxide
which are hardly water-soluble (Wu et al., 2011b). Decrease in nutrient leachability for fast
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pyrolysis is most likely associated with chemical and morphological properties of biochar.
Chemically, inorganics in biochars produced under fast heating rates are susceptible to
exist in organically bond forms due to a higher oxygen content (Kong, 2014b). Physically,
rapid heating rate during fast pyrolysis results in local melting of biochar cell structures
and consecutively generates biochars with low surface areas and low pore volumes (Zhang
et al, 2004; Boateng, 2007). Therefore, it is most likely that the nutrients are trapped inside
the biochar structure and have limited access to its surface (Lehmann & Stephen, 2015).
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Figure 3.5:Effect of heating rate and pyrolysis temperature on nutrient recovery of
biochar.
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Figure 3.6:Effect of temperature and heating rate on nutrient leachability from
biochar with dashed lines representing fast pyrolysis conditions.
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3.4.1.3 Carbon stability
Table 3.9 includes the result of proximate analysis of digestate derived biochars. The stable
carbon fraction (wt%) was calculated from the fixed carbon fraction on an ash free basis.
From that data, aromaticity and H/C ratio were estimated from equations 3.7 and 3.8 and
are presented in table 3.10. It is clear that the increase in temperature resulted in higher
amount of stable carbon, whilst the increase in heating rate had the opposite effect.
According to tables 3.9 and 3.10 the highest stability is associated with 600 °C and 10
°C.min-1, with 85% fixed carbon fraction, 94% aromaticity and H/C ratio of 0.3. Same
effect of temperature and heating rate on biochar stability was reported for digestate (Barry
et al., 2018; Lehmann & Joseph, 2012) and other lignocellulosic biochars (Downie et al.,
2009; Y. Hu, 2014; A. Li et al., 2016; Mašek et al., 2013)
Table 3.9: Proximate analysis of biochars derived from Bayview digestate.
Temperature
(°C)
300

Heating rate
(°C.min-1)

10
80
100
200
Fast
400
10
80
100
200
Fast
500
10
80
100
200
Fast
600
10
80
100
200
Fast
Bayview digestate

*Dry basis

Volatile
matter

Ash

58.6
61.2
61.1
61.9
61.5
33.8
36.0
37.9
38.8
38.1
24.4
26.8
29.4
28.8
28.2
13.3
18.4
22.1
23.7
24.8
65.2

5.8
5.8
6.0
6.2
6.3
10.4
10.0
9.7
9.3
10.7
12.4
10.7
10.5
10.0
11.6
11.8
11.1
11.0
11.1
11.5
6.1

Proximate (wt%, db)*
Volatile
Fixed
matter + fixed
carbon
carbon
35.6
94.2
33.0
94.2
32.9
94
31.9
93.8
32.2
93.7
55.8
89.6
54.0
90
52.4
90.3
51.9
90.7
51.2
89.3
63.2
87.6
62.5
89.3
60.1
89.5
61.2
90
60.2
88.4
74.9
88.2
70.5
88.9
66.9
89
65.2
88.9
63.7
88.5
28.7
93.9

Fixed carbon
fraction on an
ash-free basis
37.8
35.0
35.0
34.0
34.4
62.3
60.0
58.0
57.2
57.3
72.1
70.0
67.1
68.0
68.1
84.9
79.2
75.1
73.3
72.0
30.6
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Volatile mater is also an important parameter when considering biochar for soil application.
Literature has shown that high volatile content biochars can inhibit plant growth due to
toxic compounds such as phenol and furfural. It can also stimulates the microbial activity
by providing them with a pool of readily degradable C (labile C) leading to nitrogen
immobilization, higher emission of CO2 and more degradable biochar (Deenik et al., 2010).
Table 3.9 shows that the increase in temperature reduces the amount of volatile mater. This
can be as a result of higher devolatilization of organic mater at higher temperatures. On the
contrary, the increase in the heating rate seems to result in biochars with higher volatile
content. However, there seems to be not much of a difference after heating rates over
100 °C.min-1. The highest effect of heating rate on biochar stability can be seen at 600 °C;
there is a dramatic increase in volatile content shifting from slow to fast pyrolysis. The
reason could be explained by the fact that at that temperature more volatiles are susceptible
to decomposition and given the fast heating rate not all can escape the biochar structure,
considering the possible structural collapse which makes it more difficult for vapours to
diffuse to the surface.
According to table 3.9, higher pyrolysis temperatures and lower heating rates are suitable
for biochar production if carbon sequestration is of priority. However, the impact of heating
rate is not as strong as the pyrolysis temperature in indicating the most stable biochar.
Table 3.10 provide an estimation for biochars aromaticity and H/C ratio based on fixed
carbon fraction. Comparing the H/C ratio obtained for digestate derived biochar with
biochar stability estimation in table 3.7, more than 50% of carbon in digestate derived
biochars produced at temperature higher than 500 °C have the potential to remain in the
soil for over a century. This number increases to over 70% for biochars produced at 600
°C and 10 °C.min-1.
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Table 3.10: Biochar stability as calculated from equation 3.6, 3.8, and 3.9.
Temperature
(°C)
300

400

500

600

Heating rate
(°C.min-1)

Carbon stability a
(%)

Aromaticity b
(%)

H/C c

10
80
100
200
Fast
10
80
100
200
Fast
10
80
100
200
Fast
10
80
100
200
Fast

37.8
35.0
35.0
34.0
34.4
62.3
60.0
58.0
57.2
57.3
72.1
70.0
67.1
68.0
68.1
84.9
79.2
75.1
73.3
72.0
30.6

0.539
0.515
0.515
0.506
0.509
0.752
0.732
0.715
0.708
0.709
0.838
0.819
0.794
0.802
0.803
0.949
0.899
0.864
0.848
0.836
0.476

1.0
1.1
1.1
1.1
1.1
0.8
0.8
0.8
0.8
0.8
0.6
0.6
0.7
0.7
0.7
0.3
0.5
0.5
0.6
0.6
1.1

Bayview digestate
a calculated using equation 3.9
b calculated using equation 3.6
c calculated using equation 3.8

3.4.1.4 Adsorption
The potential of biochar for removal of cupric ion, a common derivative of cupper
compounds, was investigated for biochar from pyrolysis of digestate at 300, 400, 500, and
600 °C and heating rates of 10, 200, and > 1000 °C.min-1. Figure 3.7 shows the amount of
Cu (II) adsorbed for each gram of biochar. Generally, the pyrolysis has shown to have a
positive effect on improving the adsorptive capacity of digestate by a maximum of 87%.
However, increasing the pyrolysis temperature has a positive effect, whilst higher heating
rates have negative effects on the adsorption performance.
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Figure 3.7: Copper adsorption capacity for digestate derived biochar and activated
carbon.
The increase in adsorption with temperature is possibly attributed to an increase in surface
area, while the better performance of slow pyrolysis biochars is most likely the result of a
higher surface area and porosity along with higher cation exchange capacity (Han et al.,
2013). As shown in previous section, slow pyrolysis has a higher ability to release
important cations like K and Ca which contribute to ion exchange mechanism in
adsorption. Zhao et al. reported the same reason for the higher adsorptive capacity of heavy
metals by sewage sludge biochar compared to corn biochar. They believed the higher
mineral content in the sewage sludge derived biochar in comparison with the corn biochar
to be the main reason for better adsorptive properties. Results reported by Han et al. for
fast and slow pyrolysis of lignocellulosic biomass showed the same dropping trend in
adsorption. It is believed that higher heating rates will result in a collapse of pore structure,
and pores being clogged by heavy volatile maters that did not have the time to devolatilize,
therefore, the lower adsorption capacity of fast pyrolysis biochars can be mainly attributed
to their lower surface area and microporosity (Kołodyńska, Wnętrzak, et al., 2012).
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Compare to the maximum adsorption capacity of copper shown in table 3.3 for biochar
derived from different biomass sources, biochar derived from Bayview digestate shows
higher performance in adsorbing cupric ion from contaminated water.

3.4.2 Activated carbon
3.4.2.1 Yield of activated carbon
Table 3.11 shows the yield of activated carbon from CO2 activation of biochar produced at
500 °C and 10 °C.min-1. As expected, increasing the holding time under an oxidative
atmosphere enhances the decomposition of digestate, thus reducing the product yield. On
a biochar basis, after activation of 500 °C biochar at 800 ° under CO2 atmosphere for 0.5,
1 and 2 hours, the product yield drops by 12, 26, and 36%.
Table 3.11: Yield of biochar at 500 °C and 10 °C.min-1 and its derived activated
carbons.
Condition
Temperature (°C)

Activated carbon yield (wt%)

Holding time (h)

Biomass basis

Biochar basis

800

0.5

37

88

800

1

31

74

800

2

27

64

42

100

Biochar at 500 °C and 10 °C.min-1

3.4.2.2 Leachability
Figure 3.8 shows the nutrient leachability of activated carbons. The nutrient leachability
increases for Ca, K and Mg when compared to the initial biochar. This is believed to be a
result of both surface area and porosity improvement and chemical state of inorganic mater
attached to the biochar surface under activation conditions (Ok et al., 2018).
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Figure 3.8: Effect of activation holding time on water leachability of nutrients from
digestate after pyrolysis at 500 °C using 10 °C min-1 and activation at 800° C and 10
°C min-1.
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3.4.2.3 Carbon stability
Proximate analysis and carbon and biochar stability of digestate derived activated carbons
are presented in table 3.12. Same as biochar, the stable carbon fraction (wt%) was
calculated based of fixed carbon (FC) fraction on an ash free basis. From that data,
aromaticity and H/C ratio were calculated from equations 3.7 and 3.8 . It is evident that
compare to the pristine biochar produced at 500 °C, activated carbons produced at 800 °C
have higher amount of ash and fixed carbon and significantly lower volatile matter content.
The data shows that the drop in the volatile matter is much higher (75%) than the increase
in the fixed carbon (25%). This suggests that the higher stability of activated carbons is
most likely a result of the elimination of less stable carbon rather than their transformation
to recalcitrant aromatics.
Table 3.12: Proximate analysis (a) and carbon stability (b) of activated carbons
derived from Bayview digestate biochar produced at 500 °C and 10 °C.min-1.

a)
Activation with CO2

Proximate (wt%, db) *

Temperature
(°C)

Holding
time (h)

Volatile
mater

Ash

Fixed
carbon

Volatile
matter +
fixed carbon

FC fraction on
an ash-free
basis

800

0.5

6.1

15.2

78.7

84.8

92.8

800

1

7.2

14.7

78.1

85.3

91.6

800

2

6.4

16.3

77.3

83.7

92.4

65.2

6.1

28.7

93.9

30.6

24.4

12.4

63.2

86.7

72.1

Bayview digestate
Biochar at
500 °C, 10 °C.min-1
* dry basis
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(Table 3.12 Continued)

b)
Activation with CO2

Activated carbon stability

Temperature
(°C)

Holding time
(h)

Carbon stability a
(wt%)

Aromaticity b
(%)

H/C c

800

0.5

92.8

0.98

0.15

800

1

91.6

0.97

0.22

800

2

92.4

0.98

0.17

Bayview digestate

30.6

0.48

0.6

Biochar at
500 °C, 10 °C.min-1

72.1

0.84

1.1

a calculated using equation 3.9
b calculated using equation 3.7
c calculated using equation 3.8

3.4.2.4 Adsorption capacity
Activated carbons produced from slow pyrolysis of 500 °C biochar under 0.5, 1, and 2
hours were studied for their potential for copper adsorption from water; the results are
presented in figure 3.9. The activation had slight improvement on the copper removal
compare to the pristine biochar. The amount of Cu (II) removed by activated carbons are
57, 58 and 54 mg.g-1 for activation holding times of 30 min, 1 hour, and 2 hours,
respectively. The adsorption capacity of activated carbons seems to follow the same trend
as their amount of leachable nutrient presented in figure 3.9. As mentioned before, it is
possible that the adsorptive performance of copper on our activated carbons be a combined
effect of cation exchange between calcium and potassium of the carbon surface with the
copper ion from the solution and surface area (Kołodyńska, Wnętrzak, et al., 2012).
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Figure 3.9: copper adsorption capacity for digestate derived activated carbon
produced at 800 °C and different activation holding times.
The digestate derived activated carbon showed a comparable adsorptive capacity to
activated carbons obtained from cassava peel with 56 mg/g (Moreno-Piraján & Giraldo,
2010), grape bagasse with 44 mg/g (Demiral & Güngör, 2016), pinewood with 25 mg/g (Z.
Liu & Zhang, 2011), and hazelnut shell with 58 mg/g (Demirbas et al., 2009).

3.4.3 Summary
In this section, the effect of pyrolysis and activation conditions on the performance of
digestate derived biochar and activated carbon as a soil amendment is investigated. All
investigated products can be applied to soils depending on the priority goal of their
application. Besides, the selection of proper product for a certain application also depends
on the application rate (usually 5-10 ton per hectare). Table 3.13 summarizes the results
from the current study normalized as % on a biomass basis (with biomass represented as
100%). The normalized data are calculated based on equation 3.11-13. In this case, a
collective decision can be made on whether the products improvement on leachability,
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biochar stability or heavy metal remediation is of most significance. For instance, if carbon
stability is an important factor for acquiring carbon credit, biochars produced at low heating
rate and high temperatures are preferable. Therefore, by increasing their application rate
sufficient nutrients can also be available to plants after application. Moreover, adsorbent
dosage can also be controlled by the application rate.

Amount adsorbed by biochar

Normalized adsorption (%)= Amount adsorbed by biomass ×Yield
mg Cu

(wt%)= g

biochar

×

g biomass
mg Cu

g

× g bichar ×100
biomass

Carbon stability of biochar
Normalized stability (%)
= Carbon stability of biomass ×Yield
Based on total carbon in biomass

(wt%)= g

g Fixed carbon
total carbon in biochar

×

g total carbon in biomass
g Fixed carbon

g

total carbon in biomass

Biochar nutrient leachability

g nutrient leached from biochar
g total nutrient in biomass

×g

(3.12)

× g total carbon in bichar ×100

Normalized leachability (%)= Biomass nutrient leachability ×Yield
(wt%)=

(3.11)

g total nutrient in biomass
nutrient leached from biomass

(3.13)

g

× g bichar ×100
biomass

Apart from biochars, activated carbons produced under 800 °C using CO2 have shown
comparable nutrient leachability despite their relatively lower yield. Table 3.13 shows
that activation of 1 g biomass will result in a product with the 27-37% of solid mass, 5575% of overall nutrient leachability, 49-70% of copper adsorptive capacity, and 269274% of stable carbon present in 1 g digestate before activation.
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Table 3.13: Normalized adsorptive capacity, leachability, and carbon stability of
digestate derived biochar and activated carbon.
Pyrolysis condition
Temperature
(°C)
300

Heating rate
(°C.min-1)

10
80
100
200
Fast
400
10
80
100
200
Fast
500
10
80
100
200
Fast
600
10
80
100
200
Fast
Activated carbon-0.5 hour
Activated carbon-1 hour
Activated carbon-2 hours

Normalized parameter
Yield
(wt%)

Adsorption
(%)

Stability
(%)

Leachability
(%)

79
77
75
75
72
63
59
58
58
55
40
41
40
39
36
35
35
33
32
32
37
31
27

127
121
107
107
95
81
70
66
54
68
62
58
70
60
49

124
115
115
111
112
194
188
182
181
178
220
218
209
213
210
261
245
233
227
222
274
272
269

76
77
78
79
74
59
61
62
64
62
53
56
57
60
56
39
42
42
43
44
67
60
55
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3.5 Conclusion
Biochar and activated produced from anaerobic residue (digestate) were successfully
produced through pyrolysis and CO2 activation and their potential for used as soil
amendment was evaluated through their performance in (I) nutrients leachability (via water
extraction) (II) biochar stability (by means of stabilizing carbon) and (III) heavy metal
removal (copper adsorption). Biochars were produced at temperature range of 300 to
600 °C, and under slow (10 and 80 °C.min-1), intermediate (100 and 200 °C.min-1), and
fast (> 1000 °C.min-1) heating rates. Generally, the pyrolysis temperature had the main
impact on the nutrient leachability and carbon stability of biochars. Ca, K, Mg, and P
leachability decreased with moving from 300 °C to 600 °C. Increase in the heating rate
resulted in a drop in the leachability of Ca, Mg, and P content, whilst the leachability of K
content increased. Both temperature and heating rates showed stronge influence on the
adsorptive capacities of the biochars, however the adsorptive capacity enhanced with
increase in temperature and dropped with increase in the heating rate.
The normalized data suggests that increasing the heating rate above 100 °C.min-1, within
the same temperature profile, does not affect the performance biochar as a soil amendment.
This means in an industrial scale reactor (e.g., auger reactor or rotary drum), a lack of
precise heating rate would not affect char quality significantly.
Activated carbon produced from Bayview digestate showed a higher enhancement of
biomass leachability and carbon stability compare to the pristine biochar (500 °C,
10 °C.min-1). However, the shortest holding time (30 min) showed the best performance in
case of leachability (enhanced by ~30% compare to biochar), Carbon stability (enhanced
by 25% compare to biochar), and adsorptive capacity (same performance).
Unlike biochars, where certain heating profiles is suitable for either one of carbon credit or
leachability. The activated carbon produced under 0.5 hour holding time benefits from
higher leachability of nutrients associated with lower pyrolysis temperatures and higher
carbon stability associated with higher temperatures. Therefore, activated carbon is a valueadded product from digestate that can be studied further for its better applications.
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4

Production of hydrochar derived adsorbents through
pyrolysis and activation

4.1 Abstract
Pyrolytic and activated hydrochars were produced from industrially obtained hydrochars
using N2, CO2 and steam activation for utilization in wastewater treatment as adsorbents.
The effects of temperature and holding time were studied for both N2 and CO2 activation
between 400 to 900 °C with 1 and 2 hour holding times. Steam activation was carried out
for a holding time of 2 hours and a temperature range of 600 to 900 °C. Results showed a
pyrolysis (N2) yield in the range of 44–72%, and activation yield in the range of 26-51%
and 14-59% for CO2 and steam activation, respectively. The best performing hydrochar
derived adsorbents for phenol and methylene blue removal were obtained at 800 °C and a
2-hour holding time under all three atmospheric conditions (N2, CO2, steam). Adsorption
tests showed that the steam activated hydrochar had better adsorptive performance with
maximum capacities of 179 and 167 mg.g-1 towards methylene blue and phenol,
respectively. The maximum Brunauer–Emmett–Teller (BET) surface area of the product
was 593 m2.g-1 with an average pore size diameter of 4.38 nm and total pore volume of
0.651 cm3.g-1. This study shows that the hydrochar derived adsorbents can be used for
wastewater remediation, offering valorization of a waste stream from hydrothermal
processes.
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4.2

Introduction

In recent years, hydrothermal carbonization (HTC), also known as wet torrefaction, has
received a lot of attention due to its greater energy efficiency and higher product yield
when compared to conventional dry pyrolysis (Z. Liu & Balasubramanian, 2014a). HTC is
a technology through which wet biomass, such as organic and agricultural wastes, is heated
and decomposed under relatively low temperature (180-350 °C) and elevated pressure (15 MPa) in the presence of water (P. Saha et al., 2019). One product of HTC is hydrochar,
a carbon-rich and lignite-like solid (Fang et al., 2018b). Generally, hydrochar applications
are similar to those of biochar, a carbon-rich residue left from dry pyrolysis, such as soil
amendment for the purposes of carbon sequestration or fertility enhancement (Gronwald
et al., 2016; Paneque et al., 2019; Reza et al., 2014), fuel and energy storage (Z. Liu &
Balasubramanian, 2014b; Volpe et al., 2016; Yajun Wang et al., 2019), adsorption of
contaminant from water (Hu et al., 2010; Liu & Zhang, 2009; Mochidzuki et al., 2005;
Saetea et al. 2013), and catalysis (Titirici et al., 2007). Compared to biochar produced by
dry pyrolysis, however, hydrochar has a higher volatile organic compound (VOC) content,
which may leach into water and contribute to its own contamination. Although some of the
volatile compounds are water-soluble, washing the hydrochar may not fully remove the
VOCs (Bargmann et al., 2013; Buss & Mašek, 2014). Hydrochar also has lower surface
area and pore volume, which provide less sorption sites for contaminants (Fang et al.,
2018b). Modifying the hydrochar through activation can therefore provide the desired
characteristics for contaminant remediation. Moreover, hydrochar lower ash content makes
it a more attractive precursor than biochar to produce activated carbon since the presence
of inorganic elements may hinder the pore and surface area development, weakening their
structure and causing pore collapse in the carbon matrix (Ahmadpour & Do, 1996;
Ahmedna et al., 2000; Chang et al., 2000).
Activated carbons are generally produced through physical or chemical processes from
coal-derived materials and has been widely studied (Bansal et al., 1988; Evans et al., 1999;
Lillo-Ródenas et al., 2001; Lozano-Castelló et al., 2001, 2007; Munoz-Guillena et al.,
1992; Perrin et al., 2004). Since coal is not a sustainable and green precursor, the focus has
thus shifted towards producing activated carbons from lignocellulosic biomass, which has
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drawbacks due to their lower yields and porosity development, arising from the excessive
degradation of the organic matters (Khezami et al., 2007; Mohamad Nor et al., 2013). From
this perspective, the lignite (i.e., low-grade coal) structure of hydrothermally treated
biomass may represent a more suitable precursor for activated carbons. Recent studies have
investigated the production of activated carbons from the hydrochars produced from
lignocellulosic biomass (Falco et al., 2013; Rodríguez Correa et al., 2018; Rodriguez
Correa, Bernardo, et al., 2017; Unur, 2013; X. Zhao et al., 2018). Compared to pristine
hydrochar, the derived activated carbons showed improved performance as liquid-phase
adsorbents (Fang et al., 2018b).
Liquid-phase adsorption performance can be expressed in terms of surface area and
adsorption efficiency towards model compounds, such as phenol and methylene blue
(Baccar & Yangui, 2013; Jain et al., 2015; Zhu et al., 2015b). The choice of these molecules
is justified by their physicochemical characteristics and their role in wastewater pollution.
Phenol and its derivatives are considered priority pollutants in water by U.S. EPA
(Environmental and pollution agency) (Kundu et al., 2018). They exist in industrial
wastewater discharges such as petrochemical plants, textile processing, oil refining,
pharmaceutical manufacturing, and insecticide production. The EPA limit for phenol
concentration is 0.1 mg/L and 0.002 mg/L for waste water and drinking water, respectively
(Xiaoxia Ou, 2017). Even at low concentration, phenol is considered highly toxic to aquatic
life and humans (Lallan Singh Yadav et al., 2019). On the other hand, methylene blue is a
commonly used dye in textile industries and is present in the industrial effluent. Both
phenol and methylene blue are representative of other organic contaminants: phenol is a
representative of low-molecular weight organic micropollutants in water, while methylene
blue is widely used as one of the model compounds for larger organic contaminants (Fierro
et al., 2008; Rafatullah et al., 2010; J. Sun et al., 2019).
Several studies have examined the adsorptive properties of hydrochar and its derived
activated carbons for various contaminants (Bernardo et al., 2020; Kang et al., 2018; Kundu
et al., 2018; Rodríguez Correa et al., 2018; Rodriguez Correa, Otto, et al., 2017; Silvia
Román et al., 2018; Yajun Wang et al., 2019); however, tuning hydrothermal carbonization
process conditions to achieve optimum activated carbons, particularly when using an
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industrial hydrochar by-product, has not yet been established. Furthermore, most lab-scale
activation units are fixed bed configurations, which have mass and heat transfer limitation
along the reaction zone, which suggests that the activation does not take place under a
uniform atmosphere.
This work thus focuses on the production of porous carbon materials from an industrial
hydrochar by-product by means of pyrolysis, carbon dioxide and steam activation using
the Jiggle Bed Reactor (JBR) as the activation reactor configuration. Table 4.1 provides a
summary of previous studies on pyrolysis, CO2 and steam activation of hydrochars.
Specifically, the impacts of the temperature and holding time on the performances of the
produced adsorbents are expressed in terms of methylene blue and phenol adsorptive
capacity as well as the BET characteristics.
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Table 4.1: Comparison of activated hydrothermal char characteristics from
different feedstocks.
Hydrochar
source
Orange peels

Salix
psammophila
wood

Activation

Temp
(°C)

Time
(h)

Yield
(%)

SBET
(m2.g-1)

CO2

750

1.5

47

301

Air

300

1.5

31

499

N2

700

1

21.1

350

Gas

Adsorbate

Capacity
(mg.g-1)

Diclofenac
Salicylic acid
Flurbiprofen
Diclofenac
Salicylic acid
Flurbiprofen

5.7
17.5
136.8
52.2
108.8
158.8

-

-

Rice husk

CO2

800

0.5
1
1.5
2

Walnut shell
Sunflower
stem
Olive stone
Walnut shell
Sunflower
stem
Olive stone

CO2
CO2

850

0.5

48

379

-

22.62,
39.3
-

850

0.5

44

438

-

-

CO2
Air

850
250

0.5
0.5

49
29

438
213

-

-

Air

250

0.5

59

434

-

-

Air

250

Hickory

CO2

600

CO2

700

CO2

800

CO2

900

CO2

600

CO2

700

CO2

800

CO2

900

CO2

800

0.5
1
2
1
2
1
2
1
2
1
2
1
2
1
2
1
2
2

23
50
48
46
46
44
30
34
28
54
52
52
54
52
42
34
38
24.1

204
445
453
441
465
474
667
703
928
310
353
349
365
345
488
988
1308
570

Methylene
blue, Cu
Methylene
blue, Cu
Methylene
blue, Cu
Methylene
blue, Cu
Methylene
blue, Cu
Methylene
blue, Cu
Methylene
blue, Cu
Methylene
blue, Cu
-

80, 1.7
80, 1.4
80, 1.5
80, 1.8
77, 1.3
70, 3.4
128, 3.2
144, 4.6
48, 1.3
48, 1.1
48, 2.1
70, 2.6
70, 3.2
70, 3.2
192, 3.8
160, 4.3
-

CO2

800

2

13.1

749

-

-

CO2

800

2

31

841

-

-

CO2

800

2

14.9

326

-

-

Peanut hull

Beer waste
Horse
manure
Grass
cutting
Biosludge

89.7
80.5
73.8
73.4

292
358
419
446

Cu (II), Phenol
-

Reference

(Fernandez
et al.,
2015)

(Zhu et al.,
2015a)

(S. Román
et al.,
2013)

(June,
2016)

(Hao et al.,
2013)
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4.2.1

Pyrolysis

Biomass carbonization in an oxygen-free atmosphere results in a number of phenomena,
including dehydration, depolymerization, isomerization, decarboxylation, etc. (Yaashikaa
et al., 2019). At temperatures between 100–200 °C, biomass is mostly dehydrated (Sajjadi
et al., 2019). Increasing the temperature leads to the breakdown of chemical bonds between
organic macromolecules (i.e., cellulose, hemicellulose, and lignin) in the structure, thus
releasing volatile compounds (Yaashikaa et al., 2019). This step is responsible for the
formation of transition char, mainly consisting of isolated aromatic rings. As the degree of
carbonization increases, organic macromolecules are decomposed into aromatic molecules
with 2 to 3 rings, thus forming amorphous char. At temperature over 400 °C, the condensed
aromatic rings are stacked up to form three dimensional structures consisting of 3 to 5
carbon sheets, thus creating so-called turbostratic crystallites (Lehmann & Stephen, 2015).
At temperatures above 700 °C or prolonged residence during pyrolysis, the biochar
amorphous carbon is condensed to form fully carbonized or turbostratic structure. The
majority of biochars are however formed in less aggressive heating condition resulting in
highly disordered and heterogeneous carbon structure. Hydrogen and heteroatoms such as
oxygen are eliminated through thermal carbonization via gas emission, leading to reduction
in biochar yield. A more condensed and ordered carbon structure is therefore produced.
The highly ordered carbon structure are the result of two simultaneous processes: I) the
loss of the amorphous structure during gas generation and II) the condensation of
amorphous and disordered structures into larger aromatic rings (Sajjadi et al., 2019).
Table 4.2 shows summary of past studies on biochar production under different pyrolysis
conditions. The aromaticity can be indicated as the H/C ratio while the polarity and
hydrophilicity can be estimated using (O+N)/C atomic ratio. As temperature and holding
time increases, simultaneous dehydrogenation and aromatization increases. This results in
the condensation of C rings and creating larger aromatic sheets leading to turbostatic char
are the result of this process (Park et al., 2017).
Thermal carbonization in the absence of an electron donor-acceptor (EDA) not only
modifies the carbon structure but also have impact on concentration of surface functional
groups. The carboxylic and lactone groups are usually decomposed at about 250 °C, and
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the phenol and quinone groups are almost entirely decomposed between 500 °C and 900
°C . At 900°C, the amount of hydroxyl group dramatically drops, and the rest of the oxygen
containing functional groups are totally eliminated (Chiang et al., 2002; Kinoshita, 1988).
Therefore, biochars with tailored surface functional groups can be obtained through
temperature adjustments. Additionally, pyrolysis increases the biochar hydrophobicity
especially through elimination of acidic surface functionalities (Sajjadi et al., 2018).
Table 4.2: Effect of pyrolysis conditions on ultimate analysis and textural properties
of biochars from varying feedstocks.
Pyrolysis
Biomass

Pine
needles

Temp.
(°C)
100

N

O

(O+N)/C

H/C

50.8

6.2

0.7

42.2

0.64

1.5

200

57.1

5.7

0.9

36.3

0.49

1.2

6.2

–

250

61.2

5.5

0.9

32.3

0.41

1.1

9.5

–

300

68.8

4.3

1.0

25.7

0.29

0.8

19.9

–

77.8

2.9

1.2

18.0

0.19

0.5

112.4

0.044

14.9

0.15

0.3

236.4

0.095

11.8

0.11

0.3

206.7

0.076

11.1

0.11

0.2

490.8

0.186

1.4

6h

81.6

600

85.3

700

86.5

1.9
1.3

1.1
0.9
1.1

200

51.9

6

0.6

40.5

–

–

350

77

4.5

1.9

15.7

0.17

0.7

4.7

–

87.5

2.8

1.5

7.6

0.08

0.4

0

–

650

91

1.3

1.6

5.9

0.06

0.2

34

–

800

90

0.6

1.9

7

0.08

0.1

322

–

200

57.9

5.5

1.9

34.4

0.47

1.2

7.8

0.01

26.5

0.33

0.9

33.3

0.02

22.2

0.27

0.8

32.3

0.031

0.7

51

0.01

500

4h

65.1

300

Rapeseed
stem

2.3

0.60

250
Orange
peel

Textural
Properties
SBET
Vtotal
(m2 g-1) (cm3 g-1)
0.7
–

H

500

Cottonseed
hull

Atomic ratio

C

400

Time

Ultimate analysis (wt%)

69.3

5.1
4.5

2.2
2.4

73.2

4.2

2.3

18.3

0.21

71.7

3.5

1.9

20.8

0.24

0.6

34

0.01

500

71.4

2.3

1.8

20.3

0.24

0.4

42.4

0.019

600

77.8

1.9

1.8

14.4

0.16

0.3

7.8

0.008

700

71.6

1.8

1.7

22.2

0.25

0.3

201

0.035

74.5

3.0

1.09

12.4

0.14

0.5

46.7

46.6

74.1

2.9

1.06

10.8

0.12

0.5

98.4

113.6

77.1

2.9

1.08

10.3

0.11

0.4

91.4

57.2

350
400

500

6h

10
min
60
min
100
min

Ref.

(B.
Chen et
al.,
2008)

(Uchim
iya et
al.,
2011)

(B.
Chen &
Chen,
2009)

(B.
Zhao et
al.,
2018)
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4.2.2

Hydrochar activation

The most common activating gases are steam and CO2. The reaction between carbon with
steam or CO2 is endothermic, which facilitates temperature control compared to oxidation
with air (Azargohar, 2009). During activation, these gases penetrate into the internal
structure of the material and selectively gasify carbon atoms, thus opening and expanding
the pores plugged during carbonization (Dalai & Azargohar, 2007). Therefore, oxidizing
carbons not only increase their internal surface area, but also increases oxygen functional
groups, which can serve as active sites during adsorption (Sajjadi et al., 2019). The
activation mechanism and development of oxygen surface groups are briefly explained
below. Note that Cf is the free active carbon site and C(O) is the oxygen surface complex.
Cf + CO2 = C(O) + CO (g)

H= +172 kJ.mol-1

4(R. 1)

C(O) = CO (g)

-

(R. 2)

Cf + CO (g) = C(CO)

-

(R. 3)

Carbon reacts with CO2 via the Boudouard reaction (C+CO2↔2CO), which is endothermic
(R.1). The reaction equilibrium does not favor the production of CO at temperatures lower
than 700 °C (S.-H. Jung & Kim, 2014). The reaction rate is temperature dependent and an
increase in the temperature facilitates the bulk diffusion of CO2 molecules into the pores,
resulting in a higher degree of burn-off. The major inhibitor during the CO2 activation is
the presence of CO at the vicinity of the activated site. As seen in the R.3 reaction, gaseous
CO can be adsorbed on the active surface and act as a competitor to the R.1 reaction. This
phenomenon can occur at temperature higher than 900 °C, when the reaction rate is no
longer controlled by chemical reaction and is limited by mass transfer due to increased rate
of CO2 consumption relative to the removal of CO (g) by diffusion (Kabir et al., 2016).
Table 4.3 shows surface characteristics of CO2 activated chars derived from different
feedstocks. The most commonly temperatures are in the range of 700 to 900 °C and holding
times of 1-2 hours. According to the literature, increasing the activation temperature and
holding time generally led to an increase in surface area and microporosity. However, in
some cases the combination of temperature and holding time resulted in a severe oxidation
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that caused a decrease in surface area and microporosity. The reason was believed to be
due to either the collapsing of micropores walls and/or merging of the adjacent pores to
create bigger pore size (Shenghui Guo et al., 2009; Sajjadi, 2019; Yun et al., 2001).
Table 4.3: Effect of CO2 activation conditions on textural properties of activated
carbons from varying feedstocks.
Activation condition
Biomass
Aspen
wood
Aspen
wood
H3PO4,
500
Coconut
shell

Corn hulls

Corn
Stover

Oak

Forestry
waste

Oak

Temperature Time
(°C)
(h)

Textural properties
SBET
Smicro
Vmicro
Vmeso
Vtotal
(m2.g-1) (m2.g-1) (cm3.g-1) (cm3.g-1) (cm3.g-1)

Dp
(nm)

780

1.66

886

-

0.29

0.16

-

-

800
800
800
800
750
900
950
700
700
800
800
700
700
800
800
700
700
800
800
400
400
600
600
800

0.3
1
1.8
3.6
4
4
4
1
2
1
2
1
2
1
2
1
2
1
2
2
4
2
4
2

540
690
750
910
613
1391
1323
977
902
1010
975
660
432
712
616
642
644
845
985
73
135
377
390
905

8
17.8
304
337
544

0.18
0.16
0.22
0.3
0.31
0.73
0.67
0.33
0.33
0.43
0.38
0.38
0.18
0.28
0.23
0.27
0.24
0.32
0.38
0.04
0.07
0.19
0.2
0.55

0.09a
0.22a
0.21a
0.19a
0.002
0.004
0.142
0.16
0.25

0.44
0.84
0.88
0.89
0.82
0.83
0.68
0.48
0.33
0.54
0.42
0.41
0.4
0.6
0.64
-

2.14
2.05
1.55
1.54
1.79

800

4

1034

570

0.61

0.26

-

1.78

800

1

786

-

0.328 0.009

0.34

-

900

1

807

-

0.335

0.01

-

0.01

Reference
(Veksha et
al., 2015)

(Veksha et
al., 2016)

(Shenghui
Guo et al.,
2009)

(T. Zhang
et al., 2004)

(GrimaOlmedo et
al., 2016)

(S.-H. Jung
& Kim,
2014)

76

(Table 4.3 Continued)
Olive
stone

850

1

677

-

0.29

-

0.34

-

900
900
900
900

1
2
3
0.5

900

0.5

Rice straw

700
800
800
800
900

1
1
3
6
1

-

600
695
807
362
699
749
638
778
688
490
650
790
780
480

187
452
458
431
477
451
-

0.28
0.34
0.38
0.09
0.21
0.21
0.20
0.22
0.22
-

0.25
0.29
0.34
-

0.031
0.044
0.044
0.20
0.41
0.45
0.37
0.47
0.39
-

2.13
2.25
2.39
2.62
2.69

Willow
tree

800

1

-

512

380

0.169

0.276

-

Palm
kernel
shells
Pistachio
nut shells
Pistachio
nut shells

(El-Sheikh
et al., 2004)
(Choi et al.,
2015)

(Lua et al.,
2004)
(Lua &
Yang,
2004)

(Yun et al.,
2001)

(Kołtowski,
Charmas, et
al., 2017)

Compared to carbon dioxide, steam activation can be less expensive due to the lower cost
of oxidizing agent and lower electricity usage for operation (Reshadi et al., 2020; Toles et
al., 2000). Moreover, the activated carbon produced with steam activation has shown
higher aqueous adsorptive capacity and wider pore size distribution compared to CO2
(Song et al., 2013). Below is the reaction pathway for activation of carbonaceous material
using steam (Sajjadi, 2019):
Cf + H2O = C(O) + H2

H= +131 kJ.mol-1

(R. 4)

C(O) + H2O = CO2 + H2

H= -41 kJ.mol-1

(R. 5)

Cf + 2H2 = CH4

H= -74.5 kJ.mol-1

4(R. 6)

CO (g) + 3H2 = CH4 + H2O

H= -208 kJ.mol-1

(R. 7)

The heterogeneous water-gas shift reaction (R.4) is the main path for carbon conversion
and pore creation during steam activation (Azargohar, 2009; Rajapaksha et al., 2015). The
forward reaction at temperatures higher than 600 °C (Daza & Kuhn, 2016). However, at
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higher temperatures water-gas shift reaction can be catalyzed on the surface of the carbon
following R.5 and possible methanation (R.7). Nevertheless, the R.4 is the dominant
reaction (Azargohar, 2009).
Table 4.4 shows surface characteristics of steam activated chars derived from different
feedstocks. Activated carbons produced at temperatures between 700 to 800 °C and holding
time close to 2 hours have the highest surface areas. It is believed that at this temperature
range, hydrogen radicals can penetrate deeper into the carbon structure, where the
aromatics with smaller rings are condensed into larger and more ordered carbons (Guizani
et al., 2016). This suggests that at higher temperatures the material could become more
ordered and less reactive.
Table 4.4: Effect of steam activation on textural properties of activated carbons.

Biomass

Burcucumber
plants

Activation
condition

Textural properties

Temperature Time
(°C)
(h)
700

pH

Vmicro Vmeso Vtotal
SBET Smicro
3.g- (cm3.g- (cm3.g(cm
(m2.g-1) (m2.g-1) 1
1)
1)
)

0.75 11.7 7.10

-

-

-

Dp
(nm)

0.038

8.4

700
800

1
1

-

441
570

399 0.189 0.181
345 0.356 0.157

-

3.4
2.6

900

1

-

561

289 0.526 0.131

-

2

Wheat straw
Coconut

800
800

-

8.8 246
7.2 627

140
472

0.06 0.099 0.159
0.21 0.126 0.336

Willow

800

1

8.2 840

509

0.22 0.356 0.576 2.18

Rice husk

700

0.75 9.5 223

-

-

-

0.08 14.91

Tea waste

300
700

0.75 8.6 1.5
0.75 10.5 576

-

-

-

0.004
0.109

-

Porphyra
tenera

700

1

-

22

-

-

-

0.01

12.9

Enteromorphacompressa

700

1

-

52

-

-

-

0.021 1.61

900

0.75

-

1106 659

0.4 0.2055 0.61

-

900

1

-

915

0.37 0.1011 0.47

-

Sugar cane
bagasse

Olive bagasse

608

2
1.7

Reference

(Rajapaksha
et al., 2015)
(Carrier et al.,
2012)
(Kołtowski et
al., 2016)
(Kołtowski,
Charmas, et
al., 2017)
(Herath et al.,
2016)
(Rajapaksha
et al., 2014)
Park et al.
(2016)
(B.-S. Kim et
al., 2016)
(Demiral et
al., 2011)
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(Table 4.4 Continued)
Switchgrass

800

0.75

-

168

92

0.15 15.41

-

3.08

Hardwood

800

0.75

-

344

318 0.015 15.49

-

3.1

Softwood

800

0.75

-

384

340

-

3.08

Peanut hulls
Cottonseed
hulls
Broad Bean
hulls
Soyabean
hulls
Lupine hulls
Sunflower
hulls

850

2

9

600

452 0.181 0.188 0.427

2.8

850

2

9.12 226

200 0.079 0.084 0.187

9.2

850

2

8.76 225

107 0.036 0.091 0.156

2.8

850

2

8.65 208

137 0.061 0.067 0.163

3.2

850

2

8.9 216

105 0.048 0.103 0.187

3.4

850

2

8.75 223

117 0.054 0.093 0.174

3.2

Rice husk

700

0.75 10.1 251.5

-

Walnut shell
Almond tree
pruning
Almond shell

850

0.5

-

792

-

850

0.5

-

1080

850

0.5

-

Olive stone

850

0.5

-

Olive stone

800

2

700

1

-

759

-

-

-

0.41

2.18

800

2

-

980

-

-

-

0.52

2.09

700

1

-

552

540 0.230

-

0.258 1.87

800

1

-

534

500 0.219

-

0.299

700

0.5

-

442

-

0.158

-

0.264 2.39

750

0.5

-

563

-

0.172

-

0.352 2.54

800

0.5

-

692

-

0.199

-

0.481 2.73

850

0.5

-

725

-

0.212

-

0.514 2.81

900

0.5

-

757

-

0.219

-

0.549

Corn cob
Barly straw

Waste tea

0.2 15.42

-

-

0.08

4.86

0.442 0.082

-

-

-

0.568 0.382

-

-

601

-

0.341 0.034

-

-

813

-

0.455 0.100

-

-

9.2 905

-

0.335 0.098 0.630

-

(Han et al.,
2013)

(Girgis et al.,
2011a)

(Mayakaduwa
et al., 2017)

(González et
al., 2009)

(Petrov et al.,
2008)
(Song et al.,
2013)
(Pallarés, et
al. 2018)

(J. Zhou et
al., 2018)

2.9

The smaller molecular size compares to CO2 makes steam a more reactive agent (Jeguirim
et al., 2019). Pore diffusion is theoretically slower for CO2 molecules due to their larger
molecular size. The activating CO2 molecules thus have a more limited access to
micropores than steam molecules, which can lead to a slower reaction (Rodríguez-Reinoso
et al., 1995). Although there is general agreement that steam is a more reactive agent than
CO2 (DeGroot & Richards, 1989; Ryu et al., 1993; San Miguel Guillermo et al., 2003),
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there is contradictory information on the type of porosity each activation agent can
produce. Some authors stated that steam activation created carbons with a narrower and
greater micropore structure than CO2 activation (Kühl et al., 1992; Linares-Solano et al.,
2000; Wigmans, 1989). On the contrary, other authors noticed relatively smaller micropore
volumes but greater external areas in steam-activated carbons (Molina-Sabio et al., 1996;
Pallarés et al., 2018; Ryu et al., 1993; Tomków et al., 1977).
In terms of adsorption of organic molecules, literature has shown different efficiencies for
CO2 and steam activated carbons. For instance, some results have shown lower adsorptive
capacity of CO2-activated chars due to its lower microporosity compared to steam
activation, particularly towards smaller and medium sized molecules (e.g., phenol and
methylene blue) (San Miguel Guillermo et al., 2003; Song et al., 2013; Toles et al., 2000).
In a different study by Kołtowski, Hilber, et al., CO2-activated biochars showed a better
performance towards adsorption of 16 dissolved polycyclic aromatic carbons (PAHs)
compared to steam activated ones, although the latter had a higher surface area. The result
was attributed to a higher contribution of micropores to the specific surface area and total
pore volume for carbons produced under CO2 environment (Kołtowski, Hilber, et al.,
2017). Compared to steam, the nature of the pristine char appears to play a more important
role in activation under CO2 atmosphere. According to past work, chars with higher carbon
content produce higher surface areas and micro- and mesopore volumes (Ros et al., 2006;
Veksha et al., 2016; T. Zhang et al., 2004). Although it is not clear whether steam or carbon
dioxide should be chosen to produce activated carbons, having micropores (higher surface
area) is more important in adsorption of small molecules (Valderrama et al., 2008), while
meso and macropores have a greater impact for the removal of large molecules. Moreover,
larger pore sizes are considered as pathways for adsorbate molecules to reach their final
adsorption sites (Sajjadi et al., 2019).
This work aims at bringing further understanding to the effect of pyrolysis (N2) and
activation (CO2, steam) on the characteristics of porous carbon derived from hydrochar.
The structure and properties of the chars were investigated and the effectiveness as
adsorbents for removing phenol and methylene blue in aqueous solutions was also
explored.
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4.3
4.3.1

Materials and methods
Feedstock

The hydrochar feedstock was provided by Origin materials. Our initial intention was to
employ one feedstock for our study; however, we required more materials for the desired
experiments. The company thus provided a second feedstock batch, which was observed
to produce different results. Batches are thus named as batch 1 and batch 2 in the following
sections, which is based on their received date. Table 4.5 shows textural and
physicochemical properties of the two batches. Particle size distributions of both batches
are presented in figure B.1 of the Appendix.
Unfortunately, the quantity of batch 1 hydrochar was not enough to produce all pyrolytic
and activated hydrochars from the same batch. As a result batch 2 was used to reproduce
some of the pyrolysis and activation hydrochars so a comparison can be made based on
one feedstock. Finally, all production experiments were conducted in triplicate and each
char was tested independently to determine its adsorption properties.
Table 4.5: Proximate, ultimate analysis, surface area and porosity characteristics of
hydrochar batches.
Batch 1

Batch 2

Proximate (wt% dry basis)
Moisture a

1

2

Volatile matter

54.5

55.5

Ash

1.7

0.6

Fixed carbon

43.8

43.9

Ultimate (wt% dry basis)
N

0.2±0.1

0.2±0.1

C

62.7±0.1

62.9±0.1

H

4.4±0.0

4.3±0.0

S

0.4±0.0

0.4±0.0

Ob

32.4±0.3

32.3±0.1
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(Table 4.5 Continued)
pH c

3.05

3.10

SBET (m2.g-1)

109

116

Smeso (m2.g-1)

109

116

Smicro (m2.g-1)

0

0

Dp (nm)

14.6

11.2

Vmicro (cm3.g-1)

0

0

Vtotal (cm3.g-1)

0.4

0.33

Vmeso (cm3.g-1)

0.4

0.33

Porosity characterization

a

after drying at 80 °C for 24 h.
calculated by difference.
c
measured following IBI procedure (Singh et al., 2017)
b
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4.3.2

Commercial activated carbons

Two types of commercial activated carbons were purchased from General Carbon Corp.
to represent available activated carbons which are mentioned by the manufacturer as
suitable for removal of organic compounds from wastewater streams. GC 20x50 is a
granular AC made from bituminous coal and GC 12x40 is made from coconut shell. Both
carbons are certified by NSF 1 for water and food grade applications. The physical
characteristics of ACs provided by the company are presented in table 4.6. In this thesis,
GC 20x50 is addressed as coal-based activated carbon and GC 12x40 as coconut-based
activated carbon.
Table 4.6: Commercial activated carbon characteristics obtained from company
datasheets.
GC 20x50
(Coal-based)

Properties
Mesh size No. (%)a

90%
between No. 20 and 50

90%
between No.12 and 40

Iodine No. (mg.g-1)

> 900

> 1100

Surface area (m2.g-1)

> 950

> 1100

Hardness (%)

> 90

> 98

Moisture (%)

<3

<5

Typical density (g.ml-1)

0.5-0.54

0.45-0.53

Ash total (%)

-

<4

a

1

GC 12x40
(Coconut-based)

sieve opening for No. 20=0.841, No. 50=0.297, No. 12=1.68 and No. 40=0.420 mm

National Sanitation Foundation is accredited by the American National Standards Institute to develop
standards for sanitation and food safety requirements (Wikipedia contributors, 2020).
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4.3.3

Pyrolysis

The pyrolysis reactor and setup are the same as used in chapter 3, section 3.3.2.
The initial hydrochar weight used was 2.5 g, and the nitrogen flowrate was 0.4
mol.h-1. The process conditions are provided in table 4.7. The yield was
calculated as:
Product yield (wt%) = m

4.3.4

m Char
hydrochar

× 100

(4.1)

CO2 activation

The setup for CO2 activation is the same as pyrolysis setup. For CO2 activation, 2.5 g of
the hydrochar from batch 1 were heated in the JBR for 1, 2 and 3 hours, and at temperatures
of 700, 750, 800 and 950 °C under CO2 gas flowing at a rate of 0.4 mol.h-1. The activated
hydrochar yield was calculated using Eq. 4.1.

4.3.5

Steam activation

For steam activation, 2.5 g of the hydrochar from batch 2 were heated in the JBR for either
1 or 2 hours, and at temperatures of 500, 600, 700, 800 and 900 °C under a mixture of
steam and nitrogen gas. Figure 4.2 shows the setup used for steam activation.

Figure 4.1: Steam activation setup for activation of hydrochars using the JBR.
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To generate a mixture of steam and nitrogen, a quartz bubbler was filled with DI water and
placed inside a container filled with boiling water. Nitrogen gas flowing at 0.4 mol.h-1 was
bubbled through the deionized (DI) water and steam-saturated gas was collected at the exit
of the bubbler with the mixture having a temperature of approximately 90 °C and at
atmospheric pressure. Based on the water vapor pressure, the molar percentage of steam
can be estimated as 70% to 30% nitrogen. To avoid condensation in the feed line, a heater
was used to heat the gas to 200 °C before entering the reactor. At the end of each run, the
products were then allowed to cool to room temperature under nitrogen environment and
were stored in an airtight container prior to characterization. The activated hydrochar yield
was calculated as Eq. 4.1.
Table 4.7: Studied hydrochar pyrolysis and activation operating conditions.
Batch
number

Gas

Temperature (°C)

Heating
rate
(°C.min-1)

Gas
flowrate
(mol.h-1)

Holding
time
(min)

50

0.4

60

50

0.4

120

Pyrolysis

Batch 1

N2

Batch 1

N2

550, 600,650, 700, 750,
800, 850, 900
400, 450, 500, 550,
650, 750, 800, 850

Activation
Batch 1

CO2

850

50

0.4

30

Batch 1

CO2

750, 800, 850

50

0.4

60

Batch 1

CO2

750, 800

50

0.4

120

Batch 1

CO2

700, 800

50

0.4

180

Batch 2

CO2

800

50

0.4

120

Batch 2

Steam-N2
(70:30
mol%)

500, 600, 700, 800, 900

50

0.4

120
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4.3.6
4.3.6.1

Product characterization
Surface area and pore volume

The specific surface areas (SBET) was determined from isotherm in the relative pressure
range of 0.3. The samples were measured using the Brunauer–Emmett–Teller (BET)
method by N2 physisorption at 77 K and in NOVA 1200e (Quantachrome Instrument,
Florida, US). Pore volumes were calculated from the desorption branch of N2 isotherms

using Barrett–Joyner–Halenda (BJH) theory. Between 0.2-0.3 mg of product was degassed
under vacuum and temperature of 300 °C for at least 5 hours.

4.3.6.2

Batch adsorption

Methylene blue and phenol are used in batch adsorption studies to evaluate the performance
of produced activated hydrochars to remove organic contaminants from water. All
solutions were prepared from known masses of methylene blue (MB) or phenol in
crystalline forms diluted with DI water. The hydrochar products were rinsed by submersion
in DI water and sonicated for one hour to remove submicron and very small particles along
with some impurities. The hydrochar products were oven dried for 24 hours at 107 °C.
Batch adsorption experiments were carried out by placing 0.02 g of pyrolytic or activated
hydrochar in contact with 15 ml of 1000 mg.L-1 MB and 800 mg.L-1 phenol solution inside
25 ml glass tubes. The mixtures were agitated using an incubator shaker at 1000 rpm for
48 hours at 30 °C. The solutions were then centrifuged and the final concentration of MB
or phenol in aqueous solutions was measured with a UV-Vis spectrophotometer (Thermo
Scientific EVO 220) at a wavelength of 664 and 270 nm respectively. The adsorption
capacity of the pyrolytic and activated hydrochars were calculated as the difference
between starting and final solution concentrations relative to the amount of adsorbent
(mg.g−1).
C −Ct

Amount adsorbed at time t :q t = m0

Char

× Vsolution

(4.2)

Where C0 (mg.L-1) and Ct (mg.L-1) are the concentration of contaminants in the liquid phase
at time zero and time=t respectively, qt (mgadsorbate.g-1adsorbent) is the amount of contaminant
adsorbed on the solid phase at time=t and Vsolution (L) is the volume of contaminated
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solution. The adsorption capacity of each hydrochar product for 800 mg.L-1 methylene blue
and 1000 mg.L-1 phenol after 48 hours is referred as q800 and q1000 respectively. Table 4.8
shows the physicochemical properties of both adsorbates.
Table 4.8: Physicochemical characteristics of phenol and methylene blue (Kang et
al., 2018; Ma et al., 2013; Phan et al., 2006; Rakass et al., 2018).
Properties

Phenol

Methylene blue (MB)

Chemical formula

C6H5OH

C16H18ClN3S

Molecular weight
(g.mol-1)

94.11

319.85

9.9

3.8

Acidic

Basic

0.582 nm × 0.453 nm × 0.152 nm

1.41 nm × 0.55 nm × 0.16 nm

Water solubility
(g.L-1)

87

43.6

λ (nm) b

270

664

pKa a
Acid-base properties

Molecular structure

Three dimensions

a

Acid dissociation constant

b

Wavelength of maximum absorbance
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4.3.6.3

Adsorption Isotherm

In the final step, products with higher adsorption capacities for both MB and phenol are
indicated. 15 ml of different initial concentrations of MB (ranging between 100 and 1000
mg.L-1) and phenol (ranging from 50 to 1000 mg.L-1) solutions were placed in a 25 ml test
tube. Approximately 0.02 g of solids was added into the solution and was agitated at 1000
rpm in a shaker at 30 °C for 48 h. Traditional adsorption isotherm models are Freundlich,
Langmuir, Temkin and Dubinin-Radushkevich (D-R) (Baccar & Yangui, 2013). In this
study Langmuir (Eq. 4.3) and Freundlich (Eq. 4.4) models were employed to describe the
adsorptive behavior of methylene blue and phenol as organic contaminants onto pyrolytic
and activated hydrochars produced under optimum conditions. Nonlinear forms of these
isotherms are as follows:
Langmuir isotherm:

qe =

KL qm C e
1+KL Ce
1⁄
n

Freundlich isotherm: q e = K F Ce

(4.3)
(4.4)

Where Ce (mg.L-1) is the concentration of contaminant in the solution at the equilibrium,
qe (mg.g-1) is the amount of contaminant adsorbed on the solid phase at the equilibrium
(calculated from Eq. 4.2 when Ct=Ce), qm (mg.g-1) is the maximum monolayer adsorption
capacity of the adsorbent, KL (L.mg-1) is the Langmuir constant related to the affinity
between the adsorbent and contaminant, KF ((mg.g-1)(mg.L-1)n)) is the Freundlich constant,
and n is the Freundlich intensity parameter that reflects the magnitude of the adsorption
driving force.
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4.4
4.4.1
4.4.1.1

Results and discussion
Pyrolysis of hydrochar
Yield

Nitrogen pyrolysis of hydrochars was carried out using batch 1. The yield of pyrolytic
hydrochars consistently dropped when the temperature was increased from 400 to 900°C
and when the holding time was increased from 1 to 2 hours (figure 4.3). This result is in
agreement with past studies for pyrolysis of bamboo shoot shell (Shuqing Guo et al., 2017),
pine needle and other biomass (Zhu et al., 2015b).

Figure 4.2: Effect of temperature and holding time on yield of pyrolytic hydrochars
from batch 1.
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4.4.1.2

Methylene blue adsorption

As seen in figure 4.4, methylene blue adsorption capacity for pyrolytic hydrochars did not
change with the pyrolysis temperature under both studied holding times. Nonetheless,
increasing the holding time had a positive effect on the adsorption capacity of pyrolyzed
hydrochars. The results showed a high impact of pyrolysis holding time and a low effect
of pyrolysis temperature on the adsorption of methylene blue. The lower impact of
pyrolysis temperature on adsorption of MB was an unexpected result which could be
explained by synergistic effect of surface textural properties and surface chemical
structure.
As mentioned earlier thermal carbonization under nitrogen not only modifies the carbon
structure and porosity, but can also change the nature of surface functional groups by
eliminating heteroatoms like hydrogen and oxygen, which result less polarity and lower Ocontaining functional groups (Park et al., 2017). For example, increasing pyrolysis
temperature can increase the porosity and surface area by removing higher volumes of
VOCs, which improves contaminant adsorption (Xueyang Zhang et al., 2017). On the other
hand, higher temperatures can promote dehydration and decarboxylation reaction and
eliminates the surface groups that can participate in the efficient adsorption of
contaminants (Chiang et al., 2002; Kinoshita, 1988).
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Figure 4.3: Effect of pyrolysis temperature and holding time on methylene blue
adsorption capacity of pyrolytic hydrochars from batch 1, using 800 mg.L-1 MB
solution at 30 °C.

4.4.1.3

Phenol adsorption

Figure 4.5 shows that phenol adsorption capacity increased with pyrolysis temperature.
Increasing the holding time generally increased the adsorption capacity, though the impact
was minimal compared to the pyrolysis temperature. It is believed that the adsorption of
phenol on to biochar is mostly governed by micropore volume and basicity of the char
surface (Lorenc-Grabowska, 2016; Mohan et al., 2014). Previous studies have shown that
an increase in pyrolysis temperature and holding time will result in chars with higher
surface area and micropore volume along with greater aromatic structure and thus surface
basicity (N. Saha et al., 2019b; Shaaban et al., 2014; Z. Zhou et al., 2018). The pyrolytic
hydrochar produced at 800 °C and holding time of 2 hours showed highest adsorptive
capacity.
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Figure 4.4: Effect of pyrolysis temperature and holding time on phenol adsorption
capacity of pyrolytic hydrochars from batch 1, using 1000 mg.L-1 phenol solution at
30 °C.

4.4.2
4.4.2.1

Hydrochar activation
Yield

Batch 1 was used to produce activated hydrochars using carbon dioxide. Figure 4.6 shows
that the product yield dropped when increasing the temperature and holding time within
the range of 700-850 °C. Hydrochar from batch 2 was used for the steam/N2 activation runs
within the range of 500-900 °C. The steam activation product yields also dropped as the
temperature was increased. Since the hydrochars used for CO2 and steam activation are not
from the same batches, it is difficult to directly compare the product yields. Nonetheless,
past studies suggest that the higher reactivity of the steam explains the lower product yield
obtained when compare to CO2 activation under same conditions (S.-H. Jung & Kim,
2014).
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Figure 4.5: Effect of activation temperature and holding time on yield of CO2
activated hydrochars from batch 1 and steam activated hydrochar from batch 2.

4.4.2.2

Methylene blue adsorption

Methylene blue adsorption capacity of CO2 activated chars increased with activation
temperature and holding time (figure 4.7). The 2- and 3- hour activation at 750 °C have
similar adsorption capacity and they have similar yields as well according to figure 4.7.
The 2-hour activation at 800 °C with CO2 showed the highest capacity. Hydrochar
activation with steam shows little to no impact up to 600 °C, followed by an increase in
MB adsorption up to 800 °C with a slight drop at 900 °C which seems to be within the
error of the experiment. The results from previous literature had shown the increase in
surface area and dye adsorption capacity with increase in activation temperature (Islam et
al., 2012; Maneerung et al., 2016; Y. J. Zhang et al., 2014; J. Zhou et al., 2018) .
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Figure 4.6: Effect of activation temperature and holding time on methylene blue
adsorption capacity of CO2 activated hydrochars from batch 1 and Steam/N2
activated hydrochars from batch 2, using 800 mg.L-1 MB solution at 30 °C.

4.4.2.3

Phenol adsorption

Increasing the activation temperature under CO2 and steam have both resulted in an
increase to phenol adsorption capacity (figure 4.8). As with N2 pyrolysis, the activation
temperature seems to have greater impact on the phenol adsorptive capacity compared to
the holding time in case of CO2 activation. The results also show an increase in adsorptive
capacity with increasing temperature. This is most likely due to higher surface area and
possibly microporosity created at elevated temperature, as was summarized in tables 4.3
and 4.4. Moreover, same as methylene blue, phenol capacity of the steam activated
hydrochar dropped after 800 °C, which is also within the error of the adsorption
experiments; however, it is less likely for both MB and phenol to be erroneous, which could
show the possibility of the surface area drop at temperature higher than 800 °C. A similar
conclusion was made by previous researchers (Demiral et al., 2011; Petrov et al., 2008).
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Figure 4.7: Effect of activation temperature and holding time on phenol adsorption
capacity of CO2 activated hydrochars from batch 1 and Steam activated hydrochars
from batch 2, using 1000 mg.L-1 phenol solution at 30 °C.

4.4.2.4

Activated hydrochars from a different batch

Since the amount of batch 1 was not enough for reproducibility tests, batch 2 was used to
produce chars from the optimal process conditions indicated for batch 1 pyrolysis and
activation. Pyrolytic and CO2-activated hydrochars produced at 800 °C for 2 hours were
shown to poses the highest methylene blue and phenol adsorption at the selected initial
concentrations. These conditions as well as the best performing steam activated hydrochar
were conducted in triplicate using hydrochar from batch 2 as the feedstock. Results are
expressed as mean ± standard deviation in table 4.9.
Figure 4.9 compares the methylene blue and phenol adsorption capacities to the product
yields for both batches. In general, the adsorption capacity trends for chars produced from
batch 2 and batch 1 provide a similar trend when compared to the product yield. The best
performed CO2 activated char using batch 1 seems to fall out of the general trend presented.
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Nevertheless, the reproduced activated hydrochar using batch 2 follows the same trend as
others.
Table 4.9: Characteristics of pyrolytic and activated hydrochar produced from
batch 1 and 2 hydrochars.
Batch
number

Gas

Temperature Holding
(°C)
time (h)

Yield
(%)

Methylene
blue
q800 (mg.g-1)

Phenol
q1000
(mg.g-1)

2

N2

800

2

61.7±0.5

47±1.6

75±1.3

1

N2

800

2

46.3±0.5

65±1.3

146±1.7

2

CO2

800

2

41.7±0.5

126±2.9

147±2.2

1

CO2

800

2

30

264

173

2

Steam/N2

800

2

30.5±0.4

161±2.2

160±1.2

2

Hydrochar

-

-

-

28±1.2

65±1.3

1

Hydrochar

-

-

-

80±1.3

68±1.6
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Figure 4.8: Relationship between adsorption capacities of batch 1 and 2 with char
yield.
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4.4.3

Surface area and pore size distribution

The shape of a N2 adsorption isotherm depends on the strength of the adsorbate interaction
with the nitrogen molecules and with the solid interface. According to the International
Union of Pure and Applied Chemistry (IUPAC) classification, pores are classified by their
pore width (diameter or the distance between to opposite walls) as micropores when the
pore width is less than 2 nm, meso-pores when it is between 2 and 50 nm, and macro-pore
when it is larger than 50 nm (Matthias Thommes et al., 2015). The adsorption isotherm of
hydrochar and its derivative pyrolytic and activated carbons, figure 4.10, indicates a type–
IV isotherm with an H3 hysteresis loop. The height of the hysteresis loop is an indication
of meso-pore volume; while the relative pressure at which it starts indicates the size of the
pores (M. Thommes, 2010). For example, the hydrochar isotherm shows meso-pores with
larger diameter in comparison to steam activated hydrochars. Type–H3 hysteresis loop
generally occurs in disordered mesoporous structures with a combination of parallel plate–
shaped and cylindrical pores (Celzard et al., 2012; Khanday et al., 2016; Lowell et al.,
2005). A steep increase in adsorption volume of N2 at lower relative pressure (P/P0 < 0.1)
could reflect the existence of micro-pores. Herein, all the adsorption isotherms show a
broad point of inflection meaning low micro-porosity and higher meso-pores volume with
small pore width (2-10 nm).
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Figure 4.9: Nitrogen adsorption isotherms of samples prepared at optimum
conditions using N2, CO2 and Steam/N2. Filled and empty symbols represent
adsorption and desorption branches, respectively.
Table 4.10 shows the surface area, pore volume, and average pore diameter for each sample
characterized. The raw hydrochar used in this study has a higher surface area compare to
other hydrochars from feedstocks such as waste biomass (8 m2.g-1), digestate (9-14 m2.g1

), sawdust (1.7 m2.g-1) reported by others(Bahcivanji et al., 2020; Bernardo et al., 2020;

S. Q. Chen et al., 2017; Hou et al., 2019; Zhu et al., 2014). The BET specific surface areas
increased in the following order: Steam-800 °C (2h) > CO2-800 °C (2h) > N2-800 °C (2h)
> Hydrochar. The micro-porosity also increases in the same order. As mentioned before,
the higher micro-porosity for steam is believed to be associated with the smaller size of
water molecules that facilitates their penetration inside the carbon structure (Kühl et al.,
1992; Linares-Solano et al., 2000; Wigmans, 1989).
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Table 4.10: Porous texture properties of raw, pyrolytic and activated hydrochars.
Sample

SBET
(m2.g-1)

Porosity properties
Vta
(cm3.g-1)

Vmicrob
(cm3.g-1)

Micro-porosity
(Vmicro/Vt,%)

DPc
(nm)

Hydrochar

116.4

0.328

0

0

11.26

N2-800 °C (2h)

291.2

0.376

0.071

19

5.16

CO2-800 °C (2h)

454.6

0.528

0.127

24

4.68

Steam-800 °C (2h)

593.4

0.651

0.174

27

4.38

a

Vt – total pore volume (P/P0 = 0.99).
Vmicro – micro-pore volume (determine by the t-plot method) (pore width < 2 nm).
c
Dp – average pore diameter
b

Table 4.10 shows the positive effect of heat treatment on surface area of hydrochar in the
order of N2>CO2>steam. It is believed that hydrochar pyrolysis using N2 has removed
VOCs from surface and pores of hydrochar resulting in an increase in surface area and
micro-porosity. Adding steam to N2 during steam activation improved the porous structure
of activated hydrochars by which is believed to be I) development of new pores and II) the
removing of trapped products (e.g. acids, aldehydes, ketones, or particular constituents of
the biomass) as a result of incomplete combustion during pyrolysis (Santos et al., 2015).
On the other hand, CO2 activation of hydrochars seems to first develop micropores and
then make them wider during the 2-hour holding time. This was explained by the bigger
molecular size of carbon dioxide than steam by other literatures (Choi et al., 2015;
Kołtowski, Hilber, et al., 2017). Also, the higher total pore volume of steam activated
carbon when compared to CO2 carbon can be associated to higher reactivity of steam
towards carbon material and the fact that its smaller size molecules have higher
accessibility to very small pores (Dalai & Azargohar, 2007; Feng et al., 2018).
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4.4.4

Adsorption isotherms

Adsorption isotherms can be used to understand the relationship between adsorbate
concentration in the liquid phase and the solid adsorbent at a constant temperature. The
data from isotherms can also help design adsorption processes. Data obtained for qe and Ce
was plotted in a linear form of isotherms to identify the most fitting isotherm model for
adsorption of MB and phenol. Subsequently, isotherm parameters were calculated from
slope and intercept of the best fitted model, with models considered presented in Table
4.11.
Table 4.11: Linear isotherm equations used in this study.
Name

Linear equation

Plot

Langmuir

Ce Ce
1
= +(
)
qe qm KL qm

Ce
qe

Freundlich

log qe = log KF +

4.4.4.1

1
log Ce
n

vs. Ce

log qe vs. log Ce

Slope Intercept Eq. No.
1
qm

1
K Lqm

(4.5)

1
n

log K F

(4.6)

Methylene blue

Figure 4.11 provide the isotherms of MB adsorption for hydrochar samples at 800°C and
with a 2-hour holding time and commercial activated carbons (CAC). The Langmuir model
provided the best fits for the adsorption process of methylene blue onto raw, pyrolytic and
activated hydrochars and also the CACs, indicating the MB molecule interaction with
activated carbon surface is increasing in the same order, resulting in monolayer coverage
rather than multi-layer adsorption.
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Figure 4.10: Adsorption isotherms of methylene blue onto the raw, pyrolytic and
activated hydrochars, lines indicate Langmuir model.
The parameters of Langmuir isotherm are summarized in table 4.12. The KL values increase
in the order of steam > CO2 > N2 > hydrochar. Comparing the KL of the two CACs, the
higher Langmuir adsorption and constant during MB adsorption belongs to Coal-based AC.
Methylene blue adsorptive capacities of N2-800 °C (2h), CO2-800 °C (2h), and Steam-800
°C (2h) are 15-18%, 39-49% and 50-63% of that of coconut and coal based activated
carbons respectively.
The adsorption capacities compared well and even favorably with those reported in the
literature of some other adsorbents. For example, methylene blue capacity was reported to
be 55 mg/g for almond peels (Benaïssa, 2009), 60 mg/g for Banana trunk activated carbons
(Danish et al., 2018) and 51 mg/g for nut shells (Doğan et al., 2009). A review by (Santoso
et al., 2020) has explored MB adsorptive capacity of variety of adsorbent. It suggested that
the adsorption capacity of adsorbents improves with surface area enhancement but shows
little influence of pore volume.
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Table 4.12: Adsorption parameters of methylene blue on raw, pyrolytic, and
activated hydrochars for Langmuir and Freundlich models.
Sample

Langmuir parameters

Freundlich parameters

KL (L.mg-1)

qm (mg.g-1)

R2

KF

1/n

R2

Hydrochar

0.015

28

0.99

1.416

0.462

0.92

N2-800 °C (2h)

0.026

52

0.99

7.649

0.295

0.87

CO2-800 °C (2h)

0.047

141

0.99

42.092

0.188

0.85

Steam-800 °C (2h)

0.064

179

0.99

48.955

0.211

0.86

Coal-based AC

0.875

357

0.99

251.19

0.039

0.81

Coconut-based AC

0.063

286

0.99

96.450

0.182

0.98

-1

-1 n

Note: the units of KF being (mg.g )(mg.L )

.
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4.4.4.2

Phenol

Figure 4.12 shows the adsorption isotherm of phenol on to hydrochar derived carbons. The
experimental data fitted the Langmuir isotherm. Based on Langmuir assumptions (AlGhouti & Da’ana, 2020), it can be concluded that the active sites on all the investigated
carbons has capacity of only one phenol molecule and the forces between phenol and
carbon active sites are stronger than those of phenol-phenol molecules.

Figure 4.11: Adsorption isotherms of phenol onto the pyrolytic and activated
hydrochars, lines indicate Langmuir model.
Comparing the KL of each adsorbent, the forces between phenol and carbon surface get
stronger in the order of hydrochar < N2 < CO2 < steam. Since phenol exists predominantly
in its molecular form, the increase in attraction of phenol to the carbon surface can be a
result of higher microporosity in order of hydrochar < N2 < CO2 < steam. For an adsorbed
molecule to desorb from a micropore needs more energy than to desorb from larger pores
(Lowell et al., 2005). The adsorption isotherm of coal and coconut based activated carbons
investigated in the present work also follow the Langmuir model. The coconut-based CAC
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shows higher adsorption capacity and KL for phenol when compared to the coal based
CAC. The hydrochar derived adsorbents produced under N2, CO2, and steam have 34-37%,
58-64% and 70-77% of the CACs capacity. Other researches have reported phenol
capacity to be 0.18 mg/g for coal and 7.9 mg/g for rice husk biochar (Ahmaruzzaman &
Sharma, 2005), 75.5-158 mg/g for coal activated carbons (Da̧browski et al., 2005), 12-19.5
mg/g for bagasse and rice husk activated carbons (Kalderis et al., 2008), 110.2 mg/g for
activated carbon fibers (Q. S. Liu et al., 2010) and 49.72 mg/g for commercial activated
carbon studied by Ozkaya, 2006.
Table 4.13: Adsorption parameters of phenol on pyrolytic and activated hydrochars
for Langmuir and Freundlich models.
Sample

Langmuir parameters

Freundlich parameters

KL (L.mg-1)

qm (mg.g-1)

R2

KF

1/n

R2

Hydrochar

0.005

63

0.99

2.89

0.374

0.93

N2-800 °C (2h)

0.023

80

0.99

15.99

0.239

0.86

CO2-800 °C (2h)

0.046

139

0.99

29.95

0.240

0.86

Steam-800 °C (2h)

0.061

167

0.99

37.87

0.234

0.83

Coal-based AC

0.037

217

0.99

37.60

0.275

0.92

Coconut-based AC

0.143

238

0.99

58.01

0.229

0.90

Note: the units of KF being (mg.g-1)(mg.L-1)n.
Figure 4.13 was provided for a better understanding of the relative impact of surface
textural and porous structure of the hydrochar adsorbents on the MB and phenol adsorptive
capacity from water. Generally, both adsorption capacities of phenol and methylene blue
increase with both surface area and total pore volume in the order of hydrochar < N2-800
°C (2h) < CO2-800 °C (2h) < steam-800 °C (2h).
The fact that hydrochar with zero micro-pore volume can still adsorb both phenol and
methylene blue suggests that these molecules are either adsorbed through pore sizes larger
than 2 nm and/or through chemical interactions with surface functional groups. Regarding
the impact of pore size distribution, it is believed that only pores with a diameter at least
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1.7 times larger than the second widest dimension of the adsorbate can participate in the
adsorption process (Peiris et al., 2019).

Figure 4.12: relationship between adsorptive capacity of phenol (full line and
symbols) and methylene blue (dashed line and hollow symbols) with a) surface area
b) micropore volume c) total pore volume and d) mesopore volume.
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4.5

Conclusion

Hydrochar from an industrial hydrothermal carbonization process was studied as a
potential precursor to produce adsorbents for phenol and methylene blue removal from
aqueous solutions through pyrolysis and activation via steam and carbon dioxide. Based
on the obtained results, the following conclusions can be drawn;
1) Pyrolysis temperature had very small (<5%) effect on the adsorption of methylene blue
within the range of 400-900 °C. However, increasing the holding time from 1 to 2 hours
favored the adsorptive capacity by approximately 100% for the full range of pyrolysis
temperature.
2) Contrary to methylene blue, phenol adsorptive capacity was improved by increasing the
pyrolysis temperature, while the holding time had a reduced impact on the adsorptive
performance.
3) Both temperature and holding time played a positive role in adsorptive behavior of
activated hydrochars produced via CO2 and steam activation.
4) Based on methylene blue and phenol adsorption capacities of the pyrolytic, CO2 and steam
activated hydrochars, those produced at 800 °C with 2-hour holding time showed best
performance.
5) The hydrochar performance for the MB and phenol adsorption increased from 28 and 65
mg.g-1 to 47 and 75 mg.g-1 after pyrolysis, 126 and 147 mg.g-1 after CO2 activation and
161 and 160 mg.g-1 after steam activation all at 800 °C and 2 hour holding time.
6) Variations in hydrochar batches followed the same trend and best condition in production
of adsorbent either through pyrolysis or activation.
7) Steam activated hydrochars at 800°C and 2 hour holding times showed the highest BET
surface area, phenol and MB adsorptive capacities.
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5

Impact of nitric acid post-treatment on porous carbons
derived from hydrochar
5.1

Abstract

Nitric acid (HNO3) was used as a post-treatment method to enhance the adsorptive behavior
of hydrochar derived adsorbents, produced using N2, CO2 and steam activation at 800 °C
and 2-hour holding time, for the removal of methylene blue and phenol from water. HNO3
treatment mainly influenced the surface chemistry of the adsorbents rather than their BET
surface area. The acidic nature of the studied adsorbents improved after the HNO3 posttreatment, while basic functional groups were dramatically reduced. The HNO3 posttreated carbons showed enhanced uptake of methylene blue, up to 135%, and reduced
removal of phenol, with the largest drop at 58%. Among the modified hydrochars, HNO3
modified steam activated hydrochar had the highest adsorption capacities at 264 and 99
mg·g-1 for methylene blue and phenol, respectively.
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5.2

Introduction

Heterogeneous characteristics of activated carbon surfaces allow different sorption
mechanisms to take place. The main factors influencing the adsorption mechanisms are the
physicochemical characteristics of the adsorbent and adsorbate (Rosales et al., 2017). For
the adsorbents, average pore size and size distribution, surface area, surface functional
groups and mineral matter can affect the adsorption process, while for adsorbates,
molecular size, pKa, and the substituent nature of aromatic compounds can play an
important role (Girgis et al., 2011b).
Physical and chemical modification of the carbon can be implemented to develop
adsorbents with desirable physicochemical properties. In the previous chapter, a literature
review (summarized in tables 4.1 to 4.4) showed the effect of different thermal treatment
on the surface textural properties of different carbonaceous materials. The treatment effect
on the chemical characteristics of the adsorbents were however not discussed. Gas phase
oxidation generally enhances the concentration of hydroxyl (–OH) and carbonyl (R–C=O)
surface groups, while liquid phase oxidation typically increases the amount of carboxyls
(–COOH) (J. L. Figueiredo et al., 1999). Liquid oxidation of carbons by inorganic acids
has been reported to mainly impact the surface chemistry rather than the textural properties
of the carbons (J. L. Figueiredo et al., 1999). Nitric acid is one of the most widely used
acids, besides phosphoric and hydrochloric acids. When post-treating carbon materials
with HNO3, mineral maters are removed, the acidic property of the adsorbent is increased,
and the hydrophilic nature of carbon surface is improved (Bhatnagar et al., 2013). Table
5.1 presents a summary of the effects of HNO3 post-treatment on different adsorbents. It
can be seen that the acidic treatment generally decreased the surface area and micropore
volume, which was indicated as a result of either pore blockage by oxygen functional
groups or pore destruction due to sever oxidation (Soudani et al., 2013; Stavropoulos et al.,
2008). pHPZC is the solution pH at which the carbon surface has a net charge of zero (Nouha
et al., 2019). As expected, all literatures reported increases in total acidic groups and
decreases in total basic groups.
The table 5.1 also shows the adsorption capacity of aromatic contaminants, including
phenol and methylene blue (MB) as model compounds. It is clear that MB adsorption is
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enhanced by acid modification, whilst phenol and phenolics adsorption declined, indicating
the role of functional groups on the adsorption mechanism involved in the removal of these
organic contaminants from water. Understanding the adsorption mechanism of model
compounds can therefore identify the relative importance of adsorbent physical or chemical
properties for contaminants with similar characteristics. In this study, methylene blue and
phenol were chosen as representative of two major groups of organic contaminants,
phenols and dyes.
For organic contaminants, the adsorption process is mainly governed by electrostatic
interactions, pore filling, π-π interactions, hydrogen bonding, and hydrophobic interactions
(Ok et al., 2018). For instance, the adsorbent total pore volume and pore size distribution
affect the adsorption of contaminant onto adsorbents by pore filling (Enaime et al., 2020),
while the adsorbate molecular size controls its access to the pores with different sizes. The
surface chemistry of activated carbons depends on their heteroatom content, primarily their
oxygen functional groups, which indicate surface charge, hydrophobicity, and electron
density of the carbon material. Thus, upon immersion in an aqueous solution, the carbon
material produces surface charge due to the dissociation of surface groups and/or adsorbing
ions from the solution through electrostatic attraction (Girgis et al., 2011b; Qambrani et
al., 2017). In cases where the O-containing functional groups are not dissociated (carbon
with neutral/positive surface charge), hydrogen bonding can occur between the oxygen
atoms of the negatively charged organic compounds and the hydrogen of oxygen
containing groups (Ok et al., 2018). Hydrophobic interactions has shown been shown to
take part in adsorption of non-polar contaminants on the surface of adsorbent (Ahmad et
al., 2014). For carbonaceous material with higher aromaticity (usually corroborated with
high production temperature), the loss of oxygen and hydrogen lead to lower polarity and
higher aromaticity, which promote the adsorption of aromatic contaminants by forming ππ interactions between the aromatic ring in the adsorbate and the electron rich region of the
carbon surface (Enaime et al., 2020; Rosales et al., 2017; Tran et al., 2017).
In the previous chapter, the effect of surface area and porosity as a function of process
conditions on the adsorptive behavior of methylene blue and phenol from water were
analyzed, demonstrating a positive impact of both porosity and surface area. The aim of
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current study is to investigate the effect of surface chemistry on the adsorptive capacity of
the same products by means of chemical modification with HNO3. The modified
adsorbents are characterized based on the changes to the adsorption capabilities for phenol
and methylene blue, as well as the carbons porous structure and surface chemical
characteristics. To the authors knowledge, this study is new in using post-treatment for
modifying hydrochar derived products.
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Table 5.1: Summary of previous studies on using HNO3 as post-treatment for production of carbon-based adsorbents.
Biomass

Activation
method

Commercial AC

Pyrolysis,
Bamboo
charcoal

500 °C,
3h
Pyrolysis,

Weed char

500 °C,
1h

H3PO4,
Waste tea

450 °C,
1h

HNO3,
Concentration,
time

SBET
(m2.g-1)

Vtotal
(cm3.g-1)

Vmicro
(cm3.g-1)

Dp
(nm)

pHPZC

Total acidic
groups
(mmol.g-1)

Total basic
groups
(mmol.g-1)

-

1003

0.374

0.338

-

-

0.05

0.06

5 M, 6 h

260

0.116

0.104

-

-

0.78

0

5 M, 3 h

725

0.323

0.283

-

-

0.68

0

2 M, 3 h

630

0.263

0.212

-

-

0.36

0

2 M, 6 h

597

0.258

0.217

-

-

0.38

0

-

313

0.1518

-

1.94

10.2

-

70%, 6 h

2.3

0.0079

-

13.96

2.1

-

40

0.036

-

5.14

20%, 1 h

26

0.019

-

40%, 1 h

18

0.016

65%, 1 h

5

-

Adsorbate
Capacity (mg.g-1)

Phen
ol

All adsorption
showed Freundlich
isotherm with no
max. capacity. In
overall, all the
adsorptions
dropped

-

-

-

-

-

-

-

8

1.08

1.111

3.74

4.5

1.37

0.93

-

3.66

4.3

1.57

0.76

0.006

-

3.57

4

2.27

0.58

1417

1.187

0.3

-

-

0.37

0.41

20% (v/v)

644

0.438

0.2

-

-

0.85

0.31

40% (v/v)

524

0.286

0.2

-

-

2.06

0.26

80% (v/v)

49

0.021

0.02

-

-

0.83

0.11

1000 °C,

-

237

0.514

0.05

8.68

-

0.6

0.416

2h

(Stavropo
ulos et al.,
2008)

(Khandak
er et al.,
2017)

40
MB

-

(Güzel et
al., 2017)

161
429, 108

MB,
phenol

588, decreased
684, decreased

(Gokce &
Aktas,
2014)

480, decreased

CO2,
Tyrepowder

Ref.

MB,
phenol

109, 43

(Mohd
Shaid et
al., 2019)
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(Table 5.1 Continued)
Almond
shell

Vine shoot

CO2,

-

851

0.37

0.35

1.2

10.4

-

-

835 °C

N/A, 1 h

817

0.36

0.33

1.1

3

-

-

-

956

0.44

0.4

1.2

9.7

-

-

N/A, 1 h

646

0.29

0.25

1.2

2.3

-

-

Not indicated

352

0.653

0.076

7.41

-

0.75

0.083

108, 35

-

731

-

0.347

-

9.1

0.16

420

7.04

CO2,
840 °C
CO2,

Cherry
stone

900 °C,
3h

Commercial AC

Pyrolysis,
Rice straw

550 °C,

Corn cob

399

-

0.166

-

3.5

0.87

175

-

648

-

-

-

6.88

0.15

-

69%, 6 h

636

-

-

-

3.74

0.51

-

-

71

-

-

-

9.5

5.6

6.22

65%, 3 h

87

-

-

-

3

8.9

2.79

Pyrolysis,

-

40

0.075

0.009

7.5

-

-

-

500 °C

65%, 1h

52

0.173

–

13.3

-

-

-

0.32-0.3

0.2150.218

1.941.7

-

-

-

0.3590.286

0.2030.205

2.482.16

-

-

-

1h
Corn cob

Not indicated

Steam,
600-850 °C

65%, 1h

664-700
577540

PNP,
phenol

224, 139
154, 76
238, nd

PNP,
phenol

Cu (II)

126, 73

28.12
6.15

Cu (II)

15.34

(Mourão
et al.,
2011)

(Jaramillo
et al.,
2009)
(J. P.
Chen &
Wu,
2004)

31, 83
MB,
phenol

MB, Pb2+
mmol/g

MB, Pb2+
mmol/g

39, 67

(Yakout,
2015)

Na, 0.237
0.225, 0.691
0.314-0.722,
0.541-0.43
0.516-0.788,
0.816-1.13

(ElHendawy,
2003)
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(Table 5.1 Continued)

Commercial AC

Olive stone

H3PO4
steam

Commercial AC

-

1149

-

0.439

-

9.16

-

-

232, 440

1% (v/v), -

1054

-

0.372

-

6.22

-

-

20% (v/v), -

805

-

0.312

-

5.14

-

-

60% (v/v), -

309

-

0.09

-

4.2

-

-

86, 214

-

1242

0.564

0.563

-

6.1

0.85

0.4

454.54, 32.36

2 M, 3 h

1163

0.55

0.546

-

4

1.2

0.1

625, 28.57

3 M, 3 h

614

0.291

0.282

-

3.98

1.56

0

4 M, 3 h

222

nd

nd

-

3.15

3.7

0

666.66, nd

5 M, 3 h

13

nd

nd

-

2

4.1

0

526.31, nd

-

666

0.39

0.357

-

8.2

0.5

1.1

588.23, 51.02

2 M, 3 h

649

0.36

0.325

-

3.96

1.4

0.25

625, 48.78

3 M, 3 h

629

0.34

0.323

-

3.82

2.4

0.1

4 M, 3 h

549

0.32

0.271

-

2.59

2.4

0

666.66, 41.49

5 M, 3 h

541

0.29

0.269

-

2.02

2.5

0

714.28, 36.9

Phenol,
salicylic
acid

MB,
phenol

MB,
phenol

213, 384
185, 377

(Ania et
al., 2002)

666.66, 24.39

666.66, 46.08

(Soudani
et al.,
2013)
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5.3
5.3.1

Materials and methods
Preparation of hydrochar derived carbons

Pyrolytic and activated hydrochars were produced in chapter 3 to remove methylene blue
and phenol as model compounds for organic contaminants in water. Briefly, pyrolytic
hydrochars were produced using N2 at temperatures ranging from 400-900°C and holding
times of 1 and 2 hours. CO2 and steam were also used to produce activated hydrochars at
temperatures ranging from 700-900 °C and holding time of 1 and 2 hours. The performance
of each hydrochar derived carbon was assessed based on their methylene blue and phenol
adsorptive capacities. Full details of the hydrochar activation methods can be found in
Section 3.3 of this thesis. Results indicated the following activated hydrochars to be
superior under each process:
•

N2 flow at 800 °C and a 2-hour holding time,

•

CO2 flow at 800 °C and 2-hour holding time, and

•

Steam flow at 800 °C and 2-hour holding time.

In this chapter, these carbons are referred to as N2, CO2, and steam samples and are used
as precursors to produce HNO3 modified carbons.

5.3.2

Preparation of modified carbons

Three best performing hydrochar derived carbons from Chapter 3 were used for further wet
oxidation using 70 % (w/w) nitric acid (HNO3) purchased from FisherScientific. It should
be noted that an attempt to oxidize the raw hydrochar failed due to a near zero yield as the
solid hydrochar sample mostly dissolved in the concentrated HNO3, making it nearly
impossible to recover the remaining solids. Table 5.2 summarizes previously used posttreatment methods using HNO3 as an oxidizing agent. In our study, N2, CO2 and steam
activated chars were treated with 70% nitric acid. Approximately 1.5 gram of pyrolytic or
activated carbons were treated with nitric acid at 80 °C for 6 hours. The mixture was then
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filtered, washed with distilled water for few times, and neutralized by adding 1.0 M of
NaOH until reaching a pH of 6-7. The post-treated carbons were then dried in an oven at
110 °C overnight before further measurements.
Table 5.2: Summary of previous studies on using HNO3 as post-treatment for
carbon samples.
Condition
Precursor

Acid volume,
concentration

Adsorbate

Reference

Temperature

Solid
mass

Commercial
activated carbon

Boiling, reflux

9g

200 ml, 5 M

Phenol
Aniline
Nitrobenzene

(Villacañas et al.,
2006a)

Commercial
activated carbon

Boiling, batch
for 3 and 6
hours

2g

100 ml, 5 M

Phenol

(Stavropoulos et
al., 2008)

Waste tea

90 °C, reflux

3g

150 ml, 80%

Hydrochar orange
peel

Batch, 4 hours

1g

30 ml, 70%

Commercial
activated carbon

60 °C, batch, 6
hours

1g

10 ml, 69%

Cu2+

(J. P. Chen &
Wu, 2004)

CO2 activated oil
palm shell
Pyrolytic hydrochar
CO2 activated
hydrochar
Steam activated
hydrochar

80 °C, reflux, 6
hours

50 g

-, 10 M

-

(Allwar et al.,
2017)

80 °C, batch, 6
hours

15 ml,
1.5 g

Methylene
blue
Phenol

70%(w/w)

Methylene
blue
Phenol
Methylene
blue

(Gokce & Aktas,
2014)
(D. H. Nguyen et
al., 2019)

This work
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5.3.3
5.3.3.1

Product characterization
Surface area and porosity

The specific surface areas (SBET) was determined from isotherms in the relative pressure
range of 0.3. The samples were measured using the Brunauer–Emmett–Teller (BET)
method by N2 physisorption at 77 K using a NOVA 1200e (Quantachrome Instrument,
Florida, US). Pore volumes were calculated from the desorption branch of N2 isotherms

using Barrett–Joyner–Halenda (BJH) theory. Between 0.2-0.3 mg of product was degassed
under vacuum and temperature of 300 °C for at least 5 hours prior to the measurement.

5.3.3.2

Elemental analysis

The C, H, N, S, and O content of the samples were determined using a Thermo Flash EA
1112 series analyzer. Samples were analyzed in triplicates and the results are reported as
mean mass percentage of the dry samples and providing the observed standard deviations.
Oxygen content was calculated by the difference of C, H, N and S from unit mass, assuming
ash content to be negligible.

5.3.3.3

Point of zero charge determination

The Point of zero charge (PZC) was determined following the method provided in
Balistrieri and Murray (1981). The initial pH value (pHi) of 0.1 M NaCl was adjusted from
pH 2 to pH 10 by adding 1 M NaOH or 1 M HCl. A volume of 25 ml of each adjusted
solution was then added to 0.05 g of solid samples. The samples were then shaken at 150
rpm for 4 h before the final pH value (pHf) of the supernatant was recorded. The difference
between final and initial pH (ΔpH) was plotted against pHi, and the point at which ΔpH=0
was determined as the pH at point zero charge (pHPZC), which is the solution pH at which
the carbon surface is neutral (Nouha et al., 2019).

5.3.3.4

Boehm titration

The procedure follows the method described in Goertzen et al. (2010). A known mass of
biochar, between 0.1-0.5 g, was added to 30 ml of a 0.05 M NaOH solution. The samples
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were agitated at room temperature for 24 hours and were then filtered using Whatman No.
1 filters to remove any carbon. 10 mL aliquots were taken by pipette and were each titrated
directly with 0.05 M HCl. NaOH reacts with all functional groups (carboxyls, lactols, and
phenols), therefore it provides total acidity in moles. To calculate the basic functional
groups, 0.1-0.5 g of samples was placed in a test tube with 30 mL of 0.05 M HCl solution.
The samples were shaken for 24 hours and 10 ml of aliquots were taken by pipette and
were titrated with 0.05 NaOH. NaOH and HCl solutions were standardized before each
experiment. The quantity of acidic and basic surface groups was determined by:
nA = ([NaOH]VNaOH − [HCl]VHCl

VNaOH
) × 1⁄m
Va

nB = ([HCl]′V′ HCl − [NaOH]′V′ NaOH

V′ HCL
) × 1⁄m
Va

(5.1)

(5.2)

where [NaOH] and VNaOH are the concentration and volume of the NaOH mixed with the
samples, nA (mol·g-1) denotes the moles of acid groups on the surface of unit mass of
sample that reacted with the NaOH during the mixing step, m (g) is the mass of solid
sample, Va (L) is the volume of the aliquot taken from the VNaOH (L), and [HCl] (mol·L-1)
and VHCl (L) are the concentration and volume of the acid added to the aliquot taken from
the original sample. For the determination of basic groups, the same equations are used
except this time [HCl]′ (mol·L-1) and V′HCl (L) are the concentration and volume of the
HCl mixed with the samples, [NaOH]′ (mol·L-1) and V′NaOH (L) are the concentration and
volume of the base added to the aliquot taken from the original sample, and nB (mol·g-1)
denotes the moles of basic groups on the surface of unit mass of sample. In this study, nA
and nB were reported as total acidic groups and total basic groups in mmol·L-1.

5.3.3.5

Adsorption isotherm

A volume of 15 mL for different initial concentrations of MB (ranging between 100 and
1000 mg·L-1) and phenol (ranging from 50 to 1000 mg·L-1) solutions were placed in a 25
mL test tube. Approximately 0.02 g of solids was added into the solution and agitated at
1000 rpm in a shaker at 30 °C for 48 h. Langmuir (Eq. 5.3) and Freundlich (Eq. 5.4) models
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were employed to describe the adsorptive behavior of methylene blue and phenol as
organic contaminants onto the post-treated pyrolytic and activated hydrochars. Nonlinear
forms of these isotherms are as follows:
Langmuir isotherm:

K q C

L m e
q e = 1+K
C
L e

1⁄
n

Freundlich isotherm: q e =K F Ce

(5.3)

(5.4)

Where Ce (mg·L-1) is the concentration of contaminant in the solution at the equilibrium,
qe (mg·g-1) is the amount of contaminant adsorbed on the solid phase at the equilibrium,
qm (mg·g-1) is the maximum monolayer adsorption capacity of the adsorbent, KL (L·mg-1)
is the Langmuir constant related to the affinity between the adsorbent and contaminant, KF
((mg·g-1)(mg·L-1)n)) is the Freundlich constant, and n is the Freundlich intensity parameter
that reflects the magnitude of the adsorption driving force.

119

5.4
5.4.1

Results and discussion
Surface area and porosity

Table 5.3 provides the BET surface area and porosity of hydrochar derived samples, before
and after nitric acid post-treatment. The modified hydrochars with HNO3 generally resulted
in an equal or lower BET surface area and pore volume, similar to results reported by other
researchers (refer to Table 5.1). The N2 activated hydrochar showed a slight increase in
average pore diameter and total pore volume after the HNO3 treatment, indicating pore
widening upon sever oxidation. The reduction in BET surface area and porosity observed
with the CO2 and steam activated hydrochars is most likely due to the destruction of pore
walls as a result of severe oxidation with nitric acid, and/or blocking of micropores with
oxygen surface groups located at the pore opening.
Table 5.3: BET surface area and porosity of hydrochar and its derived activated
hydrochars.

Sample

a
b
c

SBET
(m2.g-1)

Porosity properties
Vta
(cm3.g-1)

Vmicrob
(cm3.g-1)

Micro-porosity
(Vmicro/Vt,%)

DPc
(nm)

Hydrochar
N2-800 °C (2h)
N2-HNO3
CO2-800 °C (2h)
CO2-HNO3

116
291
292
455
450

0.328
0.376
0.387
0.528
0.513

0
0.071
0.065
0.127
0.125

0
19
17
24
24

11.26
5.16
5.30
4.68
4.56

Steam-800 °C (2h)
Steam-HNO3

593
509

0.651
0.557

0.174
0.148

27
27

4.38
4.37

Vt – total pore volume (P/P0 = 0.99).
Vmicro – micropore volume (determined by the t-plot method).

Dp – average pore diameter
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5.4.2

Elemental analysis

The degree of carbonization and aromaticity can be estimated from the H/C molar ratio
(Xiaoming Li et al., 2013; Sadegh-Zadeh et al., 2017), the (O+N)/C ratio is an indication
of the polarity, and O/C ratios can indicate the degree of hydrophilicity of the adsorbent.
(Chun et al., 2004; Jin et al., 2018). Table 5.4 provides the changes in C, H, N, and O
composition of carbon materials before and after acid treatment. The sulfur content is not
mentioned in this table but is accounted when calculating the oxygen by difference.
Table 5.4: Elemental compositions of the hydrochar and its derived porous carbons.
Sample

a

Ultimate analysis (wt%)

Atomic ratios

C

H

N

Oa

H/C

O/C

(O+N)/C

Hydrochar

62.9 ± 0.1

4.3 ± 0.0

0.2 ± 0.1

32.3 ± 0.1

0.81

0.39

0.39

N2-800 °C
(2h)

86.1 ± 1.3

1.9 ± 0.2

0.3 ± 0.1

11.3 ± 1.7

0.27

0.10

0.10

N2-HNO3

65.4 ± 0.8

1.8 ± 0.0

1.3 ± 0.0

31.2 ± 0.9

0.33

0.36

0.37

CO2-800 °C
(2h)

82.2 ± 0.5

1.4 ± 0.0

0.2 ± 0.0

15.9 ± 0.5

0.20

0.15

0.15

CO2-HNO3

55.9 ± 0.9

1.6 ± 0.0

2.2 ± 0.1

40.0 ± 1.0

0.35

0.54

0.57

Steam-800 °C
(2h)

82.3 ± 1.6

1.6 ± 0.1

0.1 ± 0.0

15.7 ± 1.6

0.23

0.14

0.14

Steam-HNO3

67.3 ± 0.2

1.7 ± 0.0

1.3 ± 0.1

29.3 ± 0.2

0.29

0.33

0.34

calculated by difference.

The reduced H/C molar ratios following pyrolysis or activation activated suggest that the
activated hydrochars contained low amounts of the original organic residues and higher
amount of carbonized carbon (Chun et al., 2004). The sample produced at 800 °C using N2
offers a higher ratio of H/C and lower O/C and (O+N)/C than those produced using
oxidative gases (CO2 and steam), suggesting decreased aromaticity accompanied by
decreased polarity. Also, the carbon content decreased after HNO3 treatment for all
samples, whereas the oxygen and nitrogen contents increased. This might be due to the
corresponding increase in oxygen-containing functional groups involving carboxylic,
phenolic, and nitro moieties on the surface (Fang et al., 2015; K. Kim et al., 2011), and/or
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an increase in NO2 or NO3 groups resulting directly from HNO3 (Trompowsky et al.,
2005). The O/C molar ratio for the HNO3 treated samples were higher than those of original
samples, which suggests the greater hydrophilic nature of the post-treated carbons. The
modified carbons also had a higher polarity index [(O+N)/C] than the originals, which
suggests a higher concentration of surface polar functional groups on their surface (C–OH
and COOH) (B. Chen et al., 2008).

5.4.3

Surface chemistry

The pH at which the adsorbent surface charge takes a zero value is defined as the point of
zero charge (pHpzc). At this pH, the charge of the positive surface sites is equal to that of
the negative ones. Knowing the pHpzc allows one to hypothesize on the ionization of
functional groups and their interaction with anionic and cationic species in the solution. At
solutions where pH > pHpzc, the adsorbent surface is negatively charged and could interact
with cationic species, while at pH < pHpzc, the solid surface is positively charged and could
interact with negative species (Fiol & Villaescusa, 2009). Activated carbons are believed
to be amphoteric materials, which have both acidic and basic surface functional groups
(Tehrani-Bagha & Balchi, 2018).
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Figure 5.1: Point of zero charge determination of the hydrochar derived samples.
Values in parentheses provide the pHPZCs for each sample.
Table 5.5 shows the pHPZC and acidic/basic functional groups of hydrochar and its derived
carbon before and after the HNO3 treatment. The pHads was also defined as the initial pH
of 0.02 g of adsorbent in 15 ml of DI-water. All samples in water have a pHads value higher
than pHPZC, which suggests that they have negatively charged surface when placed in the
adsorption solution. The higher the difference, the more the surface is negatively charged.
Past studies has shown that HNO3 modification often prioritize the acidic groups in order
of carboxylic > lactonic > phenolic groups (D. H. Nguyen et al., 2019; Stavropoulos et al.,
2008). This notion was also proven by a higher oxygen content and higher O/C ratio,
suggesting carboxyl groups to be the possible dominant polar functional group in the acidic
fractions (Mei et al., 2016). Table 5.5 shows that the heat treatment of hydrochar under an
inert gas (N2) seems to destroy both acidic and basic functional groups, this can also be
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seen in the O/C ratio of samples in table 5.4. However, the amount of functional groups
are increased after activation with CO2 and steam compare to N2.
Table 5.5: Total acidic and basic groups of hydrochar and its derived porous
carbons determined by the Boehm titration.
Sample

a

a

Total acidic
groups (mmol.g1
)

Total basic
groups (mmol.g-1)

pHPZC

pHads

Hydrochar

5.5

5.7

1.81

0.35

N2-800 °C (2h)

7.1

7.4

0.95

0.43

N2-HNO3

5.3

6.0

2.12

0.19

CO2-800 °C (2h)

6.6

7.1

1.62

0.5

CO2-HNO3

4.5

5.3

3.01

0.17

Steam-800 °C (2h)

6.9

7.3

1.46

0.52

Steam-HNO3

4.7

5.4

2.89

0.22

pH of 0.02 g solid in 15 ml DI-water; pH of DI-water = 6.68

Compared to steam, CO2 activation seems to favor the production of oxygen functional
groups, evident from both Tables 5.4 and 5.5, which agrees with the results mentioned in
previous works (Belhachemi & Addoun, 2011; Sajjadi et al., 2018). Compared to pristine
products, during wet oxidation (i.e., nitric acid post treatment) basic functional groups are
removed from the carbons surface; These results were also previously observed in previous
literature summarized in table 5.1.
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5.4.4

Adsorption

The mechanisms involved in the adsorption of organic contaminants are (a) hydrogen
bonding, (b) π-π interaction, (c) electrostatic interaction, (d) pore-filling, (e) Van der Waal
adsorption, (Ok et al., 2018). Figure 5.2 illustrates the proposed adsorption mechanisms
for the adsorption of methylene blue and phenol.

Figure 5.2: Potential adsorption mechanisms for methylene blue and phenol on
activated hydrochars.

5.4.4.1

Methylene blue

Figure 5.3 shows the variations in the adsorption capabilities of the hydrochar derived
carbons before and after modifications. The Langmuir and Freundlich isotherms were
applied to the experimental data and the model parameters are summarized in Table 5.6.
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The Langmuir model provided a better fit for the experimental data well, suggesting that
the studied samples have homogeneously distributed active sites with monolayer
methylene blue coverage. This could also suggest that the added surface functional groups
are evenly distributed on the carbon interface. The order of adsorption capacity is steamHNO3 > CO2-HNO3 > steam > CO2 > N2-HNO3 > N2 > hydrochar.

Figure 5.3: Adsorption isotherms of methylene blue on hydrochars produced at 800
°C and 2-hour holding time before (hollow symbols) and after (full symbols) nitric
acid post-treatment, lines represent Langmuir model.
Comparing the adsorption data in Table 5.6 with of surface areas reported in Table 5.3, the
HNO3 treated carbons show a much higher adsorption capacity towards MB despite a slight
reduction in surface and porosity characteristics. This trend is most likely due to the added
acidic functional groups onto the surface of the carbons as methylene blue is a cationic dye
and it is dissociated in water to form a positive amino group (R2N+). Under the
experimental conditions in this study, all investigated samples have negatively charged
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surfaces (pHads > pHPZC), which favors the MB adsorption through electrostatic forces.
Previous studies have reported similar dye adsorption behavior for other carbonaceous
materials (Güzel et al., 2017; Ncibi et al., 2007; D. H. Nguyen et al., 2019).
Table 5.6: Adsorption parameters of MB on modified pyrolytic and activated
hydrochars for Langmuir and Freundlich models.
Langmuir parameters
Sample

Freundlich parameters

KL (L.mg-1)

qm (mg.g-1)

R2

KF

1/n

R2

Hydrochar

0.015

28

0.99

1.416

0.462

0.92

N2-800 °C (2h)

0.026

52

0.99

7.649

0.295

0.87

N2-HNO3

0.168

122

1

57.876

1.125

0.84

CO2-800 °C (2h)

0.047

141

0.99

42.092

0.188

0.85

CO2-HNO3

0.244

233

1

85.467

0.178

0.75

Steam-800 °C (2h)

0.064

179

0.99

48.955

0.211

0.86

Steam-HNO3

0.181

264

0.99

80.649

0.215

0.82

The Van der Waals forces and pore filling adsorption mechanisms mainly involve physical
adsorption. Compared to pristine activated hydrochars, HNO3-modified carbons have
lower specific surface area and yet showed an increase in adsorption capacity. Since the
isotherms fitted the Langmuir isotherm, mono-layer coverage on the active sites can be
assumed. According to multi-point BET analysis, at very low relative pressures, N2 gas is
adsorbed in a monolayer formation, therefore SBET is a representative of monolayer surface
area (Lowell et al., 2005). The maximum monolayer adsorption of MB and phenol can
therefore be calculated from experimental data and from SBET, shown in Table 5.7. The
latter was calculated as follows, when qm is assumed to be maximum monolayer capacity:
q m ( mg⁄g )=

SBET (m2 ⁄g)×MW(mg⁄mol)
σ (m2 )×NAV

(5.5)

where MW is the molecular weight, σ is the molecular area of the adsorbate, and NAV is
the Avogadro number. The molecular weight of phenol and methylene blue are 94 and 320
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g·mol-1 and the molecular areas are 0.437 and 1.32 nm2, respectively (Aringheieri et al.,
1992; Lorenc-Grabowska, 2016). The adsorption of MB based on the available surface area
is lower than the experimental data, thus, Van der Waals forces and pore filling
mechanisms are not responsible for the higher adsorption of MB on modified carbons.
Other studies regarding HNO3 modified carbons have reported similar observations (Gokce
& Aktas, 2014; Güzel et al., 2017; Mohd Shaid et al., 2019).
Table 5.7: Phenol and MB adsorption capacity based on experimental data and BET
surface area.

Sample

SBET
(m2.g-1)

Based on Langmuir
monolayer
(mg.g-1)

Based on BET
monolayer
(mg.g-1)

Phenol

Methylene
blue

Phenol

Methylene
blue

𝐋𝐚𝐧𝐠𝐦𝐮𝐢𝐫 𝐜𝐚𝐩𝐚𝐜𝐢𝐭𝐲
𝐁𝐄𝐓 𝐛𝐚𝐬𝐞𝐝 𝐜𝐚𝐩𝐚𝐜𝐢𝐭𝐲
Phenol

Methylene
blue

Hydrochar

116

63

28

41

47

1.5

1.7

N2-800 °C
(2h)

291

80

52

104

119

0.8

2.3

N2-HNO3

292

34

122

104

119

0.3

1.0

CO2-800 °C
(2h)

455

139

141

163

186

0.9

1.3

CO2-HNO3

450

67

233

161

184

0.4

0.8

Steam-800 °C
(2h)

593

167

179

212

242

0.8

1.4

Steam-HNO3

509

99

264

182

208

0.5

0.8

Apart from physical adsorption, the π-π interactions between the aromatic ring of the MB
and carbon aromatic structures (hydrophobic interactions) can contribute to the MB
adsorption. However, as the concentration of acidic groups increase, the electron density
of the carbon surface decreases causing a weaker interaction between delocalized πelectrons (D. H. Nguyen et al., 2019). This mechanism therefore could not be causing the
greater adsorption of MB on acid modified carbons. Another possible mechanism is the
formation of hydrogen bonds between the heteroatoms (N or S) in the aromatic ring of MB
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and the hydrogen in carboxylic and phenolic groups (major acidic functional groups) on
samples surface. Since the modified carbons have higher acidic groups, it is likely that this
mechanism plays an important role in MB adsorption (Le et al., 2019; D. H. Nguyen et al.,
2019).
Another key consideration is electrostatic interactions. Since all carbons have pHPZC values
less than the pH of the adsorption process (pHads), the overall charge of the carbon surface
is negative. The pKa values of acidic groups are 2-4 for carboxyls and 4-7 for lactons. It
can thus be concluded that the majority of these functional groups exist in their
deprotonated form under the batch adsorption pH, which act as additional binding sites for
MB cations via electrostatic interactions (Peiris et al., 2019). Carbon materials with a
higher degree of deprotonated oxygenated surfaces have a stronger negative charge, which
can be indicated from the difference between the pHads and pHPZC (Franz et al., 2000). From
this point of view, HNO3 modified carbons have higher negative charges than the
unmodified samples. It is thus believed that the electrostatic forces between the
deprotonated acidic surface groups of carbons (–COO-) and MB+ have been improved with
the HNO3 post treatment. It is worth considering that the orientation of dye molecules
adsorbed on active sites can be affected by strength of the electrostatic forces (Gokce &
Aktas, 2014). It is assumed that MB cations are located randomly on the active sites of the
carbons before modification due to weaker electrostatic forces. It is possible that some
active sites are blocked due to random position of dye molecule. However, formation of
acidic groups on the carbon surfaces increases electrostatic attraction which leads to a
molecular stacking effect, thereby locating of dye molecules vertically on active sites
(Kipling & Wilson, 2007; Santamarina et al., 2002). Previous studies have reported similar
effects of hydrogen bond and electrostatic attraction for other carbonaceous materials
regarding cationic dye adsorption (Güzel et al., 2017; Ncibi et al., 2007; D. H. Nguyen et
al., 2019).
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5.4.4.2

Phenol

Figure 5.4 shows the phenol adsorption for hydrochar derived carbons before and after
modification. The Langmuir and Freundlich isotherms were applied to the experimental
data and their parameters are summarized in Table 5.8. The Langmuir model fitted the
experimental data well, similar to MB, meaning the produced carbons have homogeneously
distributed active sites with monolayer adsorption. The order of phenol adsorption capacity
is steam > CO2 > steam-HNO3 > N2 > CO2-HNO3 > hydrochar > N2-HNO3.

Figure 5.4: Adsorption isotherms of phenol onto carbons produced at 800 °C and 2hour holding time before (hollow symbols) and after (full symbols) nitric acid posttreatment, lines represent Langmuir isotherm.
Compared to the activated hydrochar samples, the HNO3 treated carbons showed a lower
adsorption capacity and affinity towards phenol, as seen from the maximum adsorption
capacities (qm) and Langmuir constants (KL) in Table 5.8. Unlike MB adsorption, the nitric

130

acid treatment was detrimental to phenol adsorption capacity. This can be due to the
slightly lower surface areas and increase in acidic functional groups. The surface area
reduction does not seem to be as high as the drop in adsorption capacity. This can be
specially seen for N2 and N2-HNO3 samples, where the BET surface area is the same, yet
the adsorptive capacity is significantly less for N2-HNO3. Since phenol is considered a
weak acid, its adsorption should be enhanced in samples with higher basic (attraction of
phenol) and lower acidic (repulsion of phenol) surface functional groups. It can be seen
from data in table 5.5 and 5.8 that the increased acidic groups on HNO3 post-treated
samples results in a dramatic drop in adsorption of phenol due to these repulsion forces.
Similar results have been mentioned by other studies (Güzel et al., 2017; Soudani et al.,
2013; Stavropoulos et al., 2008).
Table 5.8: Adsorption parameters of phenol on modified pyrolytic and activated
hydrochars for Langmuir and Freundlich models.
Langmuir parameters
Sample

Freundlich parameters

KL (L.mg-1)

qm (mg.g-1)

R2

KF

1/n

R2

Hydrochar

0.005

63

0.99

2.89

0.374

0.93

N2-800 °C (2h)

0.023

80

0.99

15.99

0.239

0.86

N2-HNO3

0.016

34

0.99

85.47

0.178

0.75

CO2-800 °C (2h)

0.046

139

0.99

29.95

0.240

0.86

CO2-HNO3

0.029

67

0.99

85.47

0.178

0.76

Steam-800 °C (2h)

0.061

167

0.99

37.87

0.234

0.83

Steam-HNO3

0.047

99

0.99

85.47

0.178

0.75

Several studies have shown that phenol adsorption is dependent on both the particle
porosity and the presence of surface groups (Terzyk, 2003; Vidic et al., 1997). The solution
pHs in this study was always lower than the phenol pKa (9.95), which makes phenol stay
in solution predominantly in the molecular state (not dissociated to ions) (Villacañas et al.,
2006a). The adsorption mechanisms of phenol (molecular state) onto carbonaceous
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materials typically include: (I) pore filling, (II) π–π interactions, (III) competing adsorption
of solvent molecules (Da̧browski et al., 2005; Moreno-Castilla, 2004; Radovic et al., 1997).
According to Table 5.7, the monolayer adsorption of phenol shows higher adsorption
capacities than those experimental measured. This implies that not all the pores involved
in the surface area estimation are filled with phenol molecules, thus, pore filling and
physical adsorption are not the only mechanisms involved in the phenol adsorption by both
the original and modified hydrochars. The greater difference between experimental and
theoretical phenol adsorption capacities for acid modified carbons also indicates that pore
filling and surface area have even lower involvement in adsorption for these samples.
The π–π interaction mechanism mainly exists between the π electrons in the aromatic rings
of phenol molecule and the delocalized π electrons in basal planes of carbons (Terzyk,
2003). It is known that oxygen atoms bound to the carbon can decrease the π electron
density and weaken the dispersion forces between phenol π electron ring and carbon π
electrons (Coughlin & Ezra, 1968). This will result in a decrease in the average energy of
phenol adsorption sites (Salame & Bandosz, 2003). Previous studies observe a decreasing
phenol adsorption capacity when increasing surface oxygen content of carbon (Coughlin
& Ezra, 1968; Moreno-CASTILLA et al., 1980; Nevskaia et al., 1999). The HNO3
modified samples thus had lower adsorption capacity, because of their higher amount of
oxygen-containing surface. This suggests that the π–π interactions could dominate phenol
adsorption on the carbon surface. Comparing the data from carbon polarity ([O+N]/C) and
hydrophilicity (O/C) from Table 5.4, it can be concluded that HNO3 post-treated carbons
have higher polarity and hydrophilicity. Although, the stronger electronegativity of oxygen
atom in O–H bond makes phenol polar, its polarity compared to water (solvent) is not
significant. This can cause a competition between water and phenol adsorption on more
hydrophilic surfaces. Water can form hydrogen bonds with the hydrophilic groups on the
carbon surface originating clusters that may block the passage of phenol molecules to
micropores (Villacañas et al., 2006a).
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Overall, understanding the adsorption mechanisms for both studied model compounds
provides insight onto the desired surface modifications for comparable contaminants.
Phenol is a building block for many pharmaceuticals, pesticides, and PAHs. Research has
shown that oxidation has the same effect on the adsorption capacity of some phenolics
including p-nitrophenol, p-chlorophenol (Álvarez et al., 2005; Haydar et al., 2003; Mourão
et al., 2011), aniline, and nitrobenzene (Villacañas et al., 2006b). In all these studies,
oxidation had negative effects on the removal efficiency of the phenolic contaminants from
water due to lower electron density of the carbon surface, due to weaker interaction
between of π electrons of the aromatic contaminant and carbon π electrons. The increase
in the acidic groups on the carbons surface also resulted in the repulsion of aromatic
contaminant and favored the adsorption of water instead.
Methylene blue, on the other hand, represents a majority of dye contaminants in water.
Unlike phenol which exists in its molecular form, methylene dissociation in water results
in a positively charged ion. There is thus a considerable influence of electrostatic
interactions between the dye adsorbate and the carbon surface. Therefore, if the surface of
a carbon material is negatively charged, the adsorption of positively charged ions become
favorable due to the resulting electrostatic attraction. Oxidation increases the number of Ocontaining groups and reduces the pHPZC which at solution pH higher than pHPZC can result
in negatively charged carbons. Our MB adsorption data is in agreement with past studies
as oxidation using HNO3, H2O2, and H3PO4 will favor the adsorption of basic dyes such as
methylene blue, crystal violet, rhodamine B, Acridine Orange, azure b and etc. (Gokce &
Aktas, 2014; Khan et al., 2016; Oyekanmi et al., 2019; Pereira et al., 2003) due to
electrostatic attraction and hydrogen bonding. Conversely, the oxidative post-treatments
will be unfavorable for anionic/acidic and reactive dyes (Acevedo et al., 2015; Órfão et al.,
2006; Pereira et al., 2003) due to repulsion from the negative surface and even lower π
interaction of aromatic structure of the dye with carbon surface.
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5.5

Conclusion

The acidic post-treatment of hydrochar derived carbons was found to create higher
concentration of acidic functional groups on the carbon surface, which were responsible
for 135%, 65%, and 47% enhancement in adsorption of methylene blue respectively for
N2, CO2, and steam in comparison to their unmodified versions. Conversely, the HNO3
post-treatment had a detrimental effect on adsorption capacity of phenol. Despite high
concentration of the acid (70%), HNO3 did not dramatically destroy the carbon structure
based on the BET surface area and the pore sizes. The maximum drop in the surface area
was attributed to the steam activated carbons, with a 14% decrease following the posttreatment.
The HNO3 post-treatment significantly reduced the amount of basic functional groups by
56%, 66%, and 58% respectively for N2, CO2, and steam activated hydrochars while
increased their acidic functional groups concentration by 123%, 86%, and 98%
respectively. The adsorption of MB onto hydrochar derived products was found to strongly
depend on the quantity of acidic groups, whilst phenol adsorption strongly depended on
the amount of basic groups. The post-treated adsorbents showed 47, 65, and 135%
increases in methylene blue removal capacities for N2, CO2, and steam modified
hydrochars, respectively.
This study demonstrated that acidic modification using HNO3 can be a promising way to
further valorize the hydrochar derived products produced in chapter 3, especially for the
removal of cationic contaminants. For example, HNO3 treated steam activated hydrochar
showed comparable MB adsorptive capacity as a commercial coconut based activated
carbon.
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6

Conclusion and recommendation
6.1

Conclusion

This chapter provides a summary of the main conclusions from the studies carried out in
this thesis.
1. Pyrolysis temperature and heating rate are promising tools in engineering biochars
from anaerobic digestate for soil applications. This study showed that higher final
pyrolysis temperature and lower heating rate maximize carbon sink and adsorptive
properties, while low temperature and heating rate maximize nutrient availability.
Pyrolysis was carried out at a final temperature range of 300-600 °C and with a
wide range of heating rates (10, 80, 100, 200, >1000 °C·min-1). Both heating rate
and temperature affected biochar nutrients availability, carbon stability, and copper
adsorptive capacity, with a stronger impact for the final temperature. For example,
when the final pyrolysis temperature was doubled from 300 to 600 °C under slow
pyrolysis conditions (10 °C/min), the nutrient leachability of Ca, K, Mg, and P
dropped by 56 %, 42 %, 74 %, and 87 %, respectively; when the heating rate was
increased from 10 to 200 °C·min-1 at a temperature of 300 °C, the same nutrients
showed changes of -7 %, +8 %, -10 %, and -17 %, respectively. The final
temperature had a stronger influence on carbon stability and copper adsorptive
capacity than the heating rate: increasing the temperature from 300 to 600 °C
increased carbon stability by 125 % and copper adsorptive capacity of biochars by
17 %; when the heating rate was increased from 10 to 200 °C·min-1 at 300 °C,
reductions of 8 % and 1 % in carbon stability and adsorptive capacity were
observed.
In general, it was clear that both temperature and heating rate are promising tools
in engineering biochars from anaerobic digestate for soil applications. Digestate
derived biochars in this study produced at higher temperature and low heating rates
showed higher potential to be used as carbon sink and adsorptive materials upon
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soil application, while low temperature and heating rates are conditions suitable for
producing biochars with higher available sources of nutrient.
2. Physical activation provided commercially competitive activated carbon from
industrially obtained hydrochars. Activation with steam was more effective than
activation with carbon dioxide or pyrolysis with nitrogen. The best steam activation
conditions were a final temperature of 800 ºC and a holding time of 2 hours.
Activated carbon produced under these conditions had a BET surface area of 593
m2·g-1 and an adsorption capacity of 179 and 167 mg.g-1, respectively, for
methylene blue and phenol. This compares favorably with a typical commercial
activated carbon produced from coconut shells, which had a BET surface area of
>1100 m2.g-1 and an adsorption capacity of 286 and 238 mg.g-1, respectively, for
methylene blue and phenol.
Hydrochar proved to be a suitable precursor to produce adsorbents for wastewater
treatment. Our studies showed that pyrolysis under N2 can improve the performance
of hydrochar as an adsorbent. It was also clear that physical activation of
hydrochars using CO2 and steam is a promising way to produce adsorbents with
high surface area and high adsorptive capacities.
3. For some applications, nitric acid is an effective post-treatment method to enhance

the adsorptive properties of hydrochar derived adsorbents produced with physical
activation. Although there was a slight reduction (< 15 %) of the activated carbon
surface area, it approximately doubled the acidic surface groups while
approximately halving the basic functional groups. Consequently, nitric acid posttreatment improved the methylene blue adsorption capacity of steam-activated
hydrochar by 47 % while reducing its phenol adsorption capacity by 58 %. The
HNO3-steam activated hydrochar methylene blue adsorption capacity was 93% of
the equivalent adsorption for a commercial coconut-based activated carbon.
.
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6.2

Recommendations

The following recommendations are made based on the studies carried out in this thesis.
This study has shown that the final pyrolysis temperature and heating rate are promising
tools in engineering biochars from anaerobic digestate for soil applications. For a future
study, it is proposed to investigate the impact of the pyrolysis heating parameters on other
important biochar characteristics such as:
•

the kinetics of nutrient leaching to better understand the nutrients dynamic when
applied to the soil,

•

the water holding capacity,

•

the possible bioavailability and phytotoxicity of volatile organic matters (VOC),
polycyclic aromatic hydrocarbons (PAHs), and heavy metals. There have been
some skeptical views about environmental application of biochars due to these
potential issues.

This study has shown that activated carbon can be engineered from industrial hydrochar
for water-treatment applications. For a future study, it is proposed to:
•

Investigate the adsorption kinetics for the studied adsorbent-adsorbate would help
with the design of industrial adsorption systems. Therefore, it is of interest to also
investigate the kinetics of best performing adsorbents.

•

Study the effect of solution pH on adsorptive capacities, which could potentially
elucidate the adsorption mechanism.

•

Use a Fourier-Transform Infrared Spectroscopy (FTIR) analysis to analyze
adsorbents before and after adsorption to better understand the adsorption
mechanisms involved in the adsorption of certain compounds.
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Appendices
Figure A. 1: Heating (a) and cooling (b) temperature profile for 10,50 and 200
°C.min-1 in the ceramic JBR.

a

b
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Table B. 1: Effect of particle size on leachability of nutrients into water. (numbers in
the parentheses are representative of wt% of nutrient leached from the total amount
after each leaching cycle)
Amount leached
(mg nutrient .mg-1
AC )

Sample name
Ca

K

Mg

P

Fine activated carbon (dSMD= 100 µm)
Total amount leached
Amount leached after first 16 hrs

Amount leached after second 16 hrs

0.61

20.49

0.59

0.03

0.56

18.15

0.48

0.03

(92%)

(89%)

(81%)

(85%)

0.05

2.35

0.11

0.005

(8%)

(11%)

(19%)

(15%)

0.63

21.56

0.60

0.03

0.50

17.77

0.48

0.03

(79%)

(82%)

(80%)

(79%)

0.13

3.80

0.12

0.01

(21%)

(18%)

(20%)

(21%)

Coarse activated carbon (dSMD= 309 µm)
Total amount leached
Amount leached after first 16 hrs

Amount leached after second 16 hrs
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Figure C. 2: Relationship between amount of mass remaining after accelerated
aging (complete oxidation) with carbon stability in section 2.3.4.2.
H2O2 and heat-assisted oxidation methods have been used by researchers to investigate the
long-term stability of biochar in the environment. Removal of the labile C fraction of
biochars by complete oxidation with H2O2 can identify the more recalcitrant fraction of
biochar (Olivier, 2011). In this study, 1 g of dried biochar obtained at 10 °C.min-1, 200
°C.min-1 and fast heating rates was added to 5 ml of 0.333 M H2O2 inside a 10 ml test tube.
The samples were shaken at 80 °C for 1-2 days (until no supernatant is observed). Then, it
was dried at 105 °C for 24 hours. at the end, oxygenated carbon was weighed, and the
percentage of biochar left was attributed to the most stable carbons. Figure A. 2 shows the
result from accelerated aging of biochars.

600 °C

500 °C
400 °C

Digestate

300 °C
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Figure D. 3: Cu(II) concentration (mM) and the corresponding absorbance
measured by spectrophotometer at the wavelength of 255 nm.
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Figure E. 4: Absorbance spectrum for pure leachate, leachate + CuSO4 and leachate
+ CuSO4 after addition of NaOH

A new method was needed to distinguish between the fraction of absorbance related to
copper ions and that of related to the impurities leached to the solution. For this purpose, 1
ml of NaOH solution (1 M) was added to 5 ml of cupper solutions to separate copper ions
in the form of blue precipitate of copper hydroxide (Cu(OH)2) and sodium sulfate (NaSO4)
in a double displacement reaction as follows:
CuSO4 (aq) + NaOH (aq)→ Cu(OH)2 (S) +NaSO4 (aq)
The hypothesis is that the sodium hydroxide only reacts with the free ions inside the
solutions and not with the impurities. Accordingly, what remains in the aqueous solution
is a mixture of excess NaOH, impurities, and NaSO4.
If the hypothesis is proved to be true, then the absorbance (Abs.) of solutions can be
presented as:
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Cu(II) Abs. intensity = Abs. intensity before NaOH addition – Abs. intensity after NaOH addition

To verify the hypothesis, first, the absorbance of 0-25 mM CuSO4 solution mixed with 1
M NaOH was analyzed by the spectrophotometer at the range of 200-500 nm to ensure that
all cupric ions are removed via precipitation and at the absorbance 255 nm is close to zero
and also the existence of NaSO4 does not affect the absorption spectrum. Second, 1 ml of
NaOH solution was added to a pure digestate leachate and the leachate was analyzed using
spectrophotometer at a range of 200-500 nm to make sure NaOH has a minimum
interaction with the leached impurities. The results indicated no significant changes on the
maximum absorbance at 255 nm.
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Figure F. 1: Particle size distribution of hydrothermal char from a) batch 1 and b)
batch 2.
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0.47
0.35
0.24
0.15

4.50
5.50
6.50
7.50
9.00
11.00
13.00
15.50

1.50
4.97
5.98
6.98
8.22
9.95
11.96
14.20

10.96
13.80
16.68
19.55
23.79
29.20
34.21
39.81

0.11
0.33
0.40
0.46
0.54
0.62
0.69
0.73

18.50
21.50
25.00
30.00
37.50
45.00
52.50
62.50

16.93
19.94
23.18
27.39
33.54
41.08
48.61
57.28

68.47
82.16
97.21
114.56
136.93
164.32
196.72
234.15

77.11
81.33
85.15
89.34
93.03
95.77
97.61
98.75

x0/µm

Q3/%

305.00
365.00
435.00
515.00
615.00
735.00
875.00

99.39
99.72
100.00
100.00
100.00
100.00
100.00

xm/µm

q3lg
0.08
0.04
0.04
0.00
0.00
0.00
0.00

278.88
333.65
398.47
473.31
562.78
672.33
801.95

Density distribution q3*

Cumulative distribution Q3 / %

x10 = 4.15 µm
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b) Batch 2
x10 = 7.81 µm

x50 = 58.29 µm

x90 = 306.26 µm

SMD = 19.10 µm

VMD = 112.06 µm

x16 = 12.02 µm

x84 = 248.59 µm

x99 = 475.62 µm

SV

Sm

= 0.31 m²/cm³

= 2166.66 cm²/g
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10

cumulative distribution
x0/µm
Q3/%

x0/µm

Q3/%

24.39
27.75
31.23
35.45
40.48
44.46
47.80
51.60

x0/µm

75.00
90.00
105.00
125.00
150.00
180.00
215.00
255.00

Q3/%

density distribution (log.)
xm/µm
q3lg

xm/µm

q3lg
0.48
0.51
0.53
0.53
0.52
0.50
0.50
0.50

xm/µm

q3lg
0.51
0.52
0.52
0.52
0.52
0.53
0.58
0.64

4.50
5.50
6.50
7.50
9.00
11.00
13.00
15.50

1.50
4.97
5.98
6.98
8.22
9.95
11.96
14.20

5.25
6.67
8.11
9.55
11.72
14.58
17.36
20.68

0.06
0.16
0.20
0.23
0.27
0.33
0.38
0.43

18.50
21.50
25.00
30.00
37.50
45.00
52.50
62.50

16.93
19.94
23.18
27.39
33.54
41.08
48.61
57.28

68.47
82.16
97.21
114.56
136.93
164.32
196.72
234.15

55.65
59.79
63.30
67.24
71.33
75.56
80.04
84.76

x0/µm

Q3/%

305.00
365.00
435.00
515.00
615.00
735.00
875.00

89.90
94.57
97.97
100.00
100.00
100.00
100.00

xm/µm

q3lg
0.66
0.60
0.45
0.28
0.00
0.00
0.00

278.88
333.65
398.47
473.31
562.78
672.33
801.95

Density distribution q3*

Cumulative distribution Q3 / %
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